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Abstract 

Title of Dissertation: 

The impact of the non-immune chemiome on T cell activation 

Kenneth M. Rosenberg, Doctor of Philosophy, 2020 

Dissertation Directed by: 

Nevil Singh, PhD, Assistant Professor 

Department of Microbiology and Immunology 

University of Maryland School of Medicine 

 

T cells are critical organizers of the immune response and rigid control over their 

activation is necessary for balancing host defense and immunopathology. It takes 3 signals 

provided by dendritic cells (DC) to fully activate a T cell response – T cell receptor (TCR) 

engagement of antigen on MHC (Signal 1), co-stimulatory signals (Signal 2) and cytokines 

(Signal 3). Yet, even before activation T cells are typically exposed to a universe of 

chemicals (a “chemiome”) including drugs, metabolites, hormones etc. which are not 

typically ascribed an immunological role. In this thesis, we hypothesized that members of 

this non-immune chemiome acting on T cells, prior to antigen encounter, flavor specific 

signaling pathways to differentially influence subsequent T cell activation and fate. 

Unraveling these signals, which we termed “Signal 0”, could help us understand and 

manipulate tissue and time specific flavoring of immunity. In this thesis we first developed 

a pharmacological model for signal 0, by treating T cells with drugs that activate only 

subsets of the TCR-signaling network prior to full antigen exposure. We found that 

pharmacological pre-activation of the PKCƟ/ERK pathways modulates long time survival 

of T cells without changing proliferation or cytokine production. Next, we examined 

receptors for the non-immune chemiome that resting T cells express and identified 



 

 

neurotransmitter receptors (NR) as a major family. All T cells expressed a core NR 

signature, but very few NR were also modulated in a T cell lineage-specific fashion. Of 

these, we focused on VPAC1, the receptor for vasoactive intestinal peptide (VIP).  We 

found that VIP signaling attenuates ERK phosphorylation, but paradoxically drives 

increased differentiation towards IL-17 and IL-22 secretion. In addition ERK signaling 

induced by drugs (phorbol esters) versus the TCR followed differential kinetics and 

recruited non-overlapping negative feedback mechanisms, suggesting that even the same 

branch of TCR signaling is subject to different localization and temporal controls. Taken 

together, our data suggest that the branches of the TCR-signaling network integrate pre-

existing signals (Signal 0) into the activation program of T cells, allowing localized cues, 

including neurotransmitter levels, to modify the long-term trajectory of the immune 

response.  
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Chapter 1: Introduction 

1.1. T cells are critical organizers of the adaptive immune response  

  The immune system evolved to protect the body from a variety of threats – 

infectious organisms (including bacteria, viruses, parasites, and fungi), tumors as well as 

environmental toxins. To defend the body, this system, comprised of several specialized 

cell types and the molecules they release, must detect these threats, stop their replication 

and/or spread, minimize damage to additional host tissues, and ultimately eliminate or 

contain the threat. Due to the incredible diversity of potential threats to the integrity of the 

body, the cells and molecules of the immune system have developed a broad array of 

mechanisms and a complex division of labor to accomplish each of these tasks, as there is 

no “one-size-fits-all” strategy (Fig. 1.1). 

 Once a pathogen has breached one of the passive barriers that physically protect the 

body from invasion, including the skin, lungs, gut, and other mucosal surfaces (Fig. 1.1), 

the cells that it initially encounters (including macrophages, neutrophils, eosinophils, mast 

cells, etc.) are part of the innate immune system. Responding rapidly, within minutes to 

hours of invasion, these actors identify threatening, foreign organisms using genetically 

hard-coded (or “innate”) receptors. These pattern recognition receptors (PRR)1 bind 

conserved structures unique to pathogens (e.g. bacterial cell membranes, viral genomes, 

etc.), and thus “foreign” to the host, termed pathogen-associated molecular patterns 

(PAMP). Additionally, PRR also recognize threats by binding molecules indicative of 

tissue injury, termed damage-associated molecular patterns (DAMP). Once an innate 

immune cell has been activated by binding PAMPs and/or DAMPs, it tries to eliminate the 

threat by a variety of mechanisms. These include engulfing and killing the pathogen within 
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the cell via a process called phagocytosis, killing the pathogen in the extracellular space by 

secreting antimicrobial and degradative proteins, as well as releasing chemokines which 

act as beacons to recruit additional immune cells to the site of infection/damage. The rapid, 

nonspecific response of the innate system acts as the first line of defense, attempting to 

stave off the spread of infection while the second line of defense develops: the adaptive 

immune response. 

 

 

Figure 1.1. Overview of the physical and cellular barriers to infection. 

(A) There are many organs spread throughout the body that act as key sites for the development of the 

adaptive immune response. The thymus and bone marrow are known as primary lymphoid organs, as they 

are the sites of T cell and B cell development, respectively. The remaining structures, namely the spleen, 

lymph nodes, tonsils, Peyer’s patches, and the appendix are termed secondary lymphoid organs (SLO). After 

development, T and B cells circulate between these structures, moving through lymphatic vessels, and the 

blood stream, awaiting activation by encounter with their respective antigen. Reprinted with permission from: 

https://microdok.com/organs-of-the-immune-system-and-their-function/ (B) Several barriers act to stop 

infection by potential pathogens. The first includes physical and barriers that prevent entry into the body, 

sometimes aggregating and expelling pathogens in the case of mucus or presenting a hostile environment for 

pathogen survival in the case of stomach acid. Additionally, the skin and mucous membranes themselves, in 

which cells layers are sealed by tight junctions, serve as walls that provide among the greatest barriers to 

infection. Reprinted with permission from the Open University: 

https://www.open.edu/openlearn/ocw/mod/oucontent/view.php?id=28153&section=4.1#back_longdesc_id

m45097952660480  

A B 



3 

 

 

 

Unlike the innate system which recognizes broad patterns which are shared by 

multiple pathogens or danger, the cells of the adaptive immune system, T and B cells, 

utilize highly specific receptors that allow only a few cells to respond to a particular 

pathogen or malignancy that is currently threatening the host. In other words, while a PRR 

can identify a pathogen as a bacterium or virus, each T and B cell receptor recognizes 

individual structures from the specific strain and species of invading bacteria or virus (Fig. 

1.2). Rather than being hard-coded in the DNA, T and B cell receptors (TCR and BCR) are 

generated randomly by combining DNA segments together, like piecing together LEGO 

blocks. The combination of gene segments as well as the addition of random nucleotides 

at sites of recombination yield a pool of cells, each expressing structurally unique antigen 

receptors, which can identify and respond to any pathogenic threat. Although this system 

generates an extensive diversity of T and B cells, only a small number are capable of 

responding to any given pathogen. As such, during an infection, these few, specific cells 

need time to multiply to sufficient numbers to mount a response. Thus, while the innate 

response is rapid but nonspecific, the adaptive response is highly specific but slow to 

develop (Fig. 1.3). Together, the two arms of the immune system work in concert to 

eliminate pathogenic threats to the body. 
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Figure 1.2. Overview of the receptor classes utilized by cells of the innate and adaptive immune 

systems. 
Cells of the immune system use a variety of receptors classes to recognize and eliminate pathogenic threats 

or malignancies. Cells of the innate system utilize PRR, including toll-like receptors (TLR), mannose 

receptors, etc., to recognize biochemical patterns specific to pathogens, triggering intracellular signaling 

pathways that activate and enhance the function of these cells. Fc-Receptors (FcR) can further activate innate 

cells by binding antibody opsonized pathogens, but they, along with mannose receptors, can also trigger 

engulfment and degradation of pathogens. Both innate and adaptive cells employ chemokine receptors that 

allow them to traffic to sites of infection or damage. Additionally, both cells express a variety of cytokine 

receptors that allow communication between the cells of the immune system and damaged tissue to 

coordinate and drive an effective response to the given threat. T cells, members of the adaptive immune 

system, use highly specialized T cell receptors in order to become activated by antigen presentation by APCs 

as well as to recognize and kill infected cells. Finally, B cells, the other adaptive immune cell type, express 

B cell receptors that similarly allow for activation, which are then truncated and released as antibodies that 

can circulate throughout the body and enact effector functions, including neutralization, complement-

fixation, and antibody-mediated cell killing (or opsonization). Reprinted with permission from Bhat & 

Steinman, 20092, license number: 4893270006028.  
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Figure 1.3. Time course of the immune response. 
Both diagrams highlight the time course of the immune response to infection. (A) This panel emphasizes the 

cellular members of the innate and adaptive immune systems as well as indicates the time scale at which they 

act in defense. Further, it indicates that DCs act as a bridge between the two arms of the immune system, 

acting to activate the adaptive response. Reprinted with permission from: https://www.creative-

diagnostics.com/innate-and-adaptive-immunity.htm.  

 

 

 A key intermediate between these two cellular phases is the dendritic cell (DC). 

DCs are innate cells that typically migrate through the tissues in an immature state. When 

they encounter a pathogen, toxin, or danger (PAMP or DAMP), they are activated by PRR 

signaling. At the same time, their phagocytic abilities allow them to engulf and carry pieces 

of pathogen/threat-derived proteins to the nearest (draining) lymph node (Fig. 1.1A). The 

DC, presenting antigens from the threats, waits there until the relatively rare T cells that 

have TCRs which are specific to the pathogen come along. The T cell then engages the 

peptide-MHC complex (pMHC) on this DC, which provides the signals necessary for the 

T cell’s activation, proliferation, and differentiation. There are two classes of T cells, 

differing substantially in function. CD8 T cells (cytotoxic T cells or CTL) are concerned 

primarily with killing target cells and CD4 T cells (helper or TH) play multiple regulatory 

A 
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roles during a response. These classes are identified by key cell surface expression of either 

the CD8 or CD4, respectively (Fig. 1.4). CD4 T cells, play a critical role in coordinating 

the overall immune response by secreting cytokines that enhance and direct the activity of 

all other immune cells. As such, CD4 T cells are also critical for dictating the type of 

response the immune system makes against an invading pathogen. This role is vitally 

important as the body must be able respond to the huge breadth of threats, from tiny viruses 

that replicate within cells to huge, multicellular, parasitic worms, each of which require 

different strategies for elimination. It is not completely understood how a CD4 T cell takes 

in the wealth of information it gets during a pathogenic invasion and “decides” how to 

respond. 

Figure 1.4. Summary of CD4 and CD8 T cell function. 
Helper T cells (TH) are identified by the co-receptor CD4 that aids in binding of the TCR to MHC-II found 

on antigen presenting cells (APC). Once activated, TH secrete cytokines that help other cells of the immune 

system better fight this infection. The type of cytokines released specifically amplify the types of functions 

necessary for clearing the particular pathogenic threat. CD8 is the co-receptor that defines cytotoxic T 

lymphocytes (CTL), which are activated by and recognize antigen presented on MHC-I. This interaction 

allows CTL to identify cells of the body that are infected with the given pathogen, and directly eliminate 

these cells, preventing further spread of the infection. Reprinted with permission from: 

http://www.glycopedia.eu/e-chapters/Overview-of-Immune-Responses-A-Primer-72/Cellular-adaptive-

immune-responses 
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The widely accepted paradigm of T cell activation and differentiation, known as 

the “3 signal model” (reviewed in detail below), focuses on the signaling cues provided 

from the DC while it presents the invading pathogen to the inactive T cell. Importantly, 

while T cells await activation signals from DC, they do not exist in isolation, but instead 

in a rich, dynamic environment of other immune and non-immune cells and signaling 

molecules. However, the 3-signal model does not provide a framework for understanding 

these environmental cues provided to the T cell before it interacts with the DC. This thesis 

aims to expand the 3-signal model by describing the implications of environmental 

signaling prior to T cell activation encompassed in an additional “Signal 0.” 

1.2. The road to the 3 signal model: the current paradigm for T cell activation and 

differentiation 

Activation and differentiation of T cells is currently understood in terms of the 

stepwise engagement of three sets of receptors defined within the three-signal model3,4. 

This model emerged over decades of research, starting from the cloning of the TCR, 

understanding of its activation rules, elaboration of the two-signal model, and finally the 

appreciation of a role for the third signal 5,6. Below, we discuss the origins of these concepts 

and how it is relevant to the main topics considered in this thesis. 

1.2.1. The two-signal model 

Each T cell senses its antigenic target through a specific TCR, as we discussed 

above. The TCR engages peptides presented by MHC molecules. Once the TCR binds a 

cognate pMHC, a series of signaling pathways are engaged (downstream of the TCR-

associated CD3 signaling complex)7. These signals, which indicate to the T cell that it has 

successfully found and engaged an appropriate pMHC, are collectively referred to as Signal 
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1. In many receptor-ligand interactions, the engagement of the receptor with the ligand is 

sufficient to trigger a functional response that is associated with the ligand. The TCR is 

unique in that even complete and strong signal transduction downstream of the TCR is 

insufficient for proper T cell activation. Experiments by Jenkins and Schwartz8 showed 

that by itself, this is inadequate to fully drive the activation of T cells, especially those in 

the naïve state. These experiments, showed that when antigen-presenting cells were 

chemically treated such that they were still able to present pMHC but could not upregulate 

other ligands for stimulating T cell surface molecules, the result was the inactivation of the 

T cell rather than activation. Additionally, several signaling and metabolic changes are 

induced, leaving the cell in a state of “anergy” unable to respond to subsequent activating 

stimuli8-11. In time, this 2nd signal or co-stimulation has been defined as critical to drive full 

activation of the T cell12,13. Following the seminal Jenkins and Schwartz experiments, the 

precise molecular underpinnings of co-stimulation were resolved when the major co-

stimulatory receptor, CD28, was cloned14. CD28, which binds B7 molecules CD80 and 

CD86 on DCs, is the prototypic co-stimulatory receptor15, mostly owing to its essential role 

for activation of naïve T cells. Several co-stimulatory receptors have since been discovered, 

including ICOS, OX40, CD40L, 4-1BB, GITR, CD27, and CD30, that have varying 

influences on T cell proliferation, cytokine production, cytotoxic function, etc., and act in 

different contexts16; nevertheless, CD28 still functions as a unique player as it can help 

trigger naïve T cell activation. 

The idea of multiple signals being essential for lymphocyte activation pre-dates 2-

signal model for T cell activation12. The long historical record that has led to the modern 

2-signal model (Fig. 1.5) originates from attempts to explain the fundamental question of 
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lymphocyte biology: what drives cell activation and response to an antigen versus tolerance 

and non-responsiveness, i.e. how does a lymphocyte “decide” what to respond to? An early 

model proposed by Lederberg postulated that newly developed, immature cells are poorly 

antigen reactive but maturation yields immune-competent cells17. Thus, this model only 

requires one antigenic signal to activate a lymphocyte as its responsiveness is dictated by 

developmental time. The observation that, while both “carrier” and “hapten” molecules 

could generate antibodies, haptens were only immunogenic when linked to carriers but 

carriers did not require haptens to elicit responses, necessitated a consideration of antigenic 

structure to explain responsiveness18-23. A second model, by Talmage and Pearlman, 

proposed that antigen alone yields low-level antibody production that fades to a tolerant 

state, while another protein that acts to aggregate the antigen in a non-specific way, such 

as complement, could provide a second, boosting signal that yields strong lymphocyte 

proliferation and antibody release24. Similarly, the observation that tolerized cells could be 

activated by linking the tolerizing antigen to an immunogenic antigen suggested that the 

binding of another protein, reactive to the second antigen, to the antigen complex provides 

a second, activating signal to the lymphocyte25,26. Bretscher and Cohn synthesized these 

observations by proposing that monomeric hapten-carrier molecules were insufficient for 

activation but that aggregation by carrier-specific antibodies triggered activation in hapten-

specific lymphocytes, later revising this to dictate a signal provided directly by the carrier 

antibody13,27. This was the first model to require 2-signals, 1 antigenic signal from the 

hapten and a 2nd signal from the carrier antibody; however, it struggled to explain the origin 

of the 2nd signal in the activation of the carrier antibody, termed the “primer problem.” This 

model also illustrated that lymphocyte activation is likely a collaboration between cells as 
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the clonal selection theory28 eschewed the idea that any one lymphocyte would have 

receptors specific to multiple antigens. The notion of collaboration was significantly 

bolstered upon the discovery of the distinct B and T lymphocyte lineages and the 

observation that they act synergistically to in antibody production29-31. Further refinement 

of Bretscher and Cohn’s model to replace the carrier-specific antibody with the carrier-

specific T cell essentially leaves us with the modern 2-signal model for B cell activation. 

Importantly, however, the primer problem still remains as there was yet no understanding 

of what would provide the 2nd activation signal to T cells. 

In parallel, work by Lafferty and Jones studying graft-versus-host disease models 

determined that the activation of lymphocytes was species specific, as xenogeneic cell 

transfer always yielded inferior responses to allogeneic32. On the basis of further studies 

using allografts, Lafferty proposed that, much like the Bretscher and Cohn model, rejection 

required recognition of antigen as well as signals to proliferate provided by the “stimulator” 

cells. It was further determined that “stimulator” cells are of hematopoietic origin, must be 

metabolically active, and are transferred to the host within the graft32,33. Of note, cytotoxic 

function of T cells was no longer dependent on the 2nd signal following initial activation33. 

Summarizing these findings, Lafferty and Cunningham proposed a model in which 

“stimulator” cells with rejection-mediating “responder” lymphocytes to provide both 

signal 1 in the form of antigen either expressed by these cells or merely bound to them as 

well as a second, boosting signal, activating responder cells in a way that removes the 

requirement for further secondary signal34. Upon discovery of MHC restriction and its role 

in alloreactivity by Zinkernagel and Doherty, it became clear that MHC molecules 

expressed by “stimulator” cells provided the molecular link between these cells and T cells 
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in providing antigenic signal 135. Returning to and incorporating the work of Jenkins and 

Schwartz discussed above8 yields a 2-signal activation model of T cells summarized as 

follows: 1) APCs present peptide antigens bound to MHC molecules, providing the 

antigen-specific first activation signal to T cells; 2) upon engagement of antigen binding 

with T cells, APCs actively express a second, co-stimulatory molecule that when bound by 

T cells provides a second, proliferative signal. However, although Jenkins and Schwartz 

showed that the absence of signal 2 provided by the APC yields unresponsiveness, this 

model did not allow for this situation to occur in living cells, and, thus, did not allow for 

tolerance. 

The final piece of the puzzle was provided by Charles Janeway when he proposed 

that, instead of being induced by pMHC engagement with the T cell, co-stimulatory 

receptor expression by APCs is induced upon interaction with infectious organisms36. 

Based on absolutely no data, Janeway predicted that APCs express receptors that are 

capable of identifying structural motifs specific to foreign organisms and that upon ligation 

of these receptors, the APC would then provide the key co-stimulatory second signal to T 

cells. This revolutionary idea elegantly explained a mechanism for self-non-self-

discrimination and thus tolerance. Critically, the subsequent discovery of several classes 

of PRR provided immense support for Janeway’s model. However, Polly Matzinger’s 

“danger hypothesis” instead proposed that APCs are induced to express co-stimulatory 

molecules in response to encounter with signs of tissue damage, such as intracellular 

molecules located extracellular indicating necrosis or other “inducible alarm signals” like 

IFN release37. Her model allows for an understanding of commensal microorganisms that 

must express non-self motifs but do not elicit immune responses. A modern understanding 
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of these two theories suggests that integration of microbial structure and danger molecule-

induced signaling drives APC activation and co-stimulation expression. 

 

 

 

 

Figure 1.5. Evolution of the 2-signal model. 

Summary of the critical discoveries and the proposed mechanisms of lymphocyte activation. (A) The 

timeline covers a period beginning with the discovery that carriers and haptens are both capable of eliciting 

lymphocyte response but that haptens are dependent on the presence of carrier molecules to do so. It 

culminates following the discovery of two distinct lymphocyte classes and the proposal that they 

collaborate in their activation. (B) This timeline takes us through the definition of the modern 2-signal 

model and the discovery of the microbial pattern recognition receptor Janeway envisioned nearly a decade 

prior. Reprinted with permission from Baxter and Hodgkin, 2002
12

, license number: 4893290685806. 

  

  

A 

B 
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1.2.2. A third signal emerges 

The initial formulation of the 2-signal model dealt with one aspect of lymphocyte 

biology – i.e. the activation of T cells for the first time. It was soon evident that in addition 

to these ‘triggers’ there was a 2nd question to be resolved involving the acquisition and 

maintenance of effector functions or ‘classes’ of T cells and eventually contributing to 

immunological memory. The key aspects for this phase therefore involve T cell 

differentiation or the process by which a naïve T cell acquires effector functions. 

 When they leave the thymus, the mature T cell is in a naïve state which, as discussed 

above, is fundamentally inert. Upon activation, T cells release IL-2 and upregulate the third 

chain of the IL-2R, CD25, allowing for high affinity autocrine signaling and a period of 

robust proliferation, a process that has received intense examination for decades. During 

this time, T cells also initiate transcriptional programs that drive the effector functions they 

use to eliminate immunologic threats. As discussed in section 1.1, the immense breadth of 

potential pathogens one might encounter necessitates a similarly broad range of 

mechanisms to combat them. For example, in the case of viral infection, a critical clearance 

mechanism employed is the direct killing of infected cells by CD8 T cells. Thus, mature, 

functional CD8 T cells are elicited upon activation by upregulating the transcription factors 

T-bet and Eomes which promote cytolytic programs, but also the production of IFN and 

TNF which aid in eliminating compromised host cells. CD4 T cells can augment these 

processes by also producing IFN and TNF, and, as such, activated CD4 T cells will 

differentiate into TH1 cells which also express T-bet to drive cytokine production. 

Alternatively, in the case of parasitic worm infection, CD4 T cells will become TH2 cells 

that express GATA-3 and produce IL-4, IL-5, and IL-13, which promote eosinophil and 
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mast cell degranulation, mucin secretion, etc. that act to degrade and expel the much larger 

pathogens. Thus, eliciting appropriate differentiation, particularly of CD4 T cells that can 

express a variety of effector programs to coordinate varying immune responses, is critical 

for clearing an infection. While the 2-signal model effectively describes how a pathogen-

specific T cell “chooses” to initiate a response to the infection, it is unclear how these two 

signals alone can dictate the type of response necessary to combat the infection. T cells 

must receive some other input, a 3rd signal, which communicates the necessary 

differentiation programs to enact. Returning to Janeway’s PRR-mediated DC activation 

hypothesis provides insight on this process.  

During an infection, contact with a microbial threat via PRR engagement will 

trigger DC activation. PRR signaling induces transcriptional changes, mediated 

predominantly by NFB and IRF3/738, that lead to the upregulation of MHC-II and co-

stimulatory molecules, and migration to secondary lymphoid organs (SLO) to engage 

inactive T cells39. Further, mature DCs release cytokines, dictated by the type of PRR 

engaged, and thus the type of pathogen it bound. Thus, there is a unique cytokine profile 

secreted by DCs dependent on the class of microbial threat it encountered at the site of 

infection. During DC-T cell interactions in the SLO, it is these cytokines that “skew” the 

differentiation program of the activated T cells. Over decades of research, the specific 

cytokine milieu that elicits each type of CD4 differentiation program have been well 

characterized and are summarized in Figure 1.6. Critical skewing cytokines include IL-12 

for TH1 cells, IL-4 for TH2 cells, IL-6 and TGF for TH17 cells, IL-6 and IL-21 for TFH 

cells, and TGF yielding Treg
40-42. 



15 

 

 

 

Once the T cell has acquired effector functions, the related priority for the immune 

system is to sustain this response, both in the short term, long enough to clear the pathogen 

or malignancy, as well as in the long-term for the formation of memory. Many studies have 

investigated the role cytokines play in these functions, converging on signaling mediated 

by a family of cytokine receptors that share a “common -chain”, which includes the IL-2 

receptor43,44. Members of this family, IL-7 receptor and IL-15 receptor, binding the 

cytokines for which they are named, have been well established as critical drivers of long-

term survival and homeostatic proliferation of naïve and memory T cell, with naïve T cells 

especially dependent on IL-7 availability45,46 Additionally, during the contraction phase of 

the T cell response, these cytokines distinctly support the accumulation of short-lived 

effector cells (SLEC) and memory precursor effector cells (MPEC), with IL-15 favoring 

the former and IL-7 favoring the latter47. 

 
Figure 1.6. Summary of CD4 T cell differentiation. 

Upon activation by cognate antigen presentation by DC, CD4 T cells differentiate and produce characteristic 

cytokine profiles. Which effector program the T cell adopts is driven by cytokine signaling it receives from 

the DC, driving the expression of transcription factors that enforce the effector function. Reprinted with 

permission from Nurieva & Chung, 201048, license number: 4893290829915.  
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Figure 1.7. Common -chain cytokines control T cell proliferation, survival, and lineage commitment. 

T cells require trophic factors at several phases of the immune response to proliferate and survive. The 

specific effects of these trophic factors are stage specific, with IL-2 most critical for driving clonal expansion 

after activation, IL-15 supporting effector T cells, and IL-7 predominantly responsible for maintaining naïve 

and memory T cells. Reprinted with permission from Schluns & Lefrancois, 200344, license number: 

4893290916111. 

 

Interestingly, cytokines have also been shown to effect T cells in ways that 

resemble input from signal 2. Inflammatory cytokines including IL-1 and IL-12 can 

promote proliferation of T cells, predominantly CD4 and CD8 T cells, respectively, 

replacing the role for adjuvant-mediated co-stimulation49. In CD8 T cells, IL-12 

upregulates CD25, allowing for increased IL-2 dependent proliferation, even in the absence 

of co-stimulatory CD28 signaling50. Further, type I IFNs can act to support survival of CD8 

T cells, cytotoxic function, and IFN release in a STAT4-dependent manner51. Taken 

together, these regulatory cytokines now form a third group of signals that completes the 

current definition of a three-signal model for T cell activation: 1) antigen recognition by 

the TCR, 2) co-stimulation, and 3) cytokine signaling, collaborate to provide the necessary 

stimulatory cues to generate full and effective T cell activation (Fig. 1.8). 
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Figure 1.8. The 3-signal model of T cell activation. 

The accepted model of T cell activation describes the provision of 3 signals from DCs that synergize to 

instruct T cells when and how to activate. 1) Cognate pMHC is presented by DC and engages the TCR 

providing the major activation signal. 2) Co-stimulatory molecules act to drive T cell survival and 

proliferation, preventing T cell non-responsiveness. 3) Cytokines provide differentiation cues, dictating 

which effector functions to employ while activated. Figure adapted from Murphy & Weaver, Janeway’s 

Immunobiology, 9th Ed.52 

 

1.2.3. The third signal is biochemically distinct from Signals 1 and 2 

A key aspect of signal 3 that is very relevant to this thesis is the intracellular nature 

of biochemical signals transduced by these cytokines. Signal 2 (at least that from CD28) is 

mostly reported to be a synergistic signaling pathway to the TCR. A more granular 

discussion of TCR signaling is found in section 1.2.5, but these are quite different from the 

signals used by cytokines. Most cytokine receptors utilize JAK-STAT receptor signaling 

pathways (Fig. 1.9A). Upon ligand binding, cytokine receptors dimerize, allowing the 

associated Janus kinase (JAK) – a non-receptor tyrosine kinase (nRTK) – molecules bound 

to each subunit to localize and undergo transphosphorylation of the opposing activation 

loop. This allows the JAKs to phosphorylate tyrosine residues on cytoplasmic tails of the 

receptors, allowing for binding of SH2 containing signal transducer and activator of 
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transcription (STAT) proteins. The STATs are then tyrosine-phosphorylated, releasing 

from the receptor tail, and forming homo- or heterodimers by binding the newly generated 

SH2 binding domain on another pSTAT molecule. STAT dimers are then translocated to 

the nucleus where they act as transcription factors to drive diverse functions including 

proliferation and differentiation. 

 Among cytokine receptors, it is common for receptor subunits to be shared between 

receptor dimer pairs such that cytokines and the receptors they share are often thought of 

as families. As mentioned above, receptors for IL-2, -4, -7, -9, and -21 all share the common 

-chain (CD132) are dubbed the “common -chain family” (Fig. 1.9B). As a consequence 

of sharing this receptor subunit and its associated JAK3, all of these receptors elicit STAT5 

translocation, and, thus, similar functional consequences, e.g. T cell proliferation. The 

remaining subunits that are unique to the given receptor provide, then, varying concurrent 

JAK and STAT combinations, yielding potentially cytokine specific programs. STAT6, 

elicited by IL-4 signaling, critically induces GATA-3 expression and TH2 differentiation 

(Fig. 1.6). This combinatorial scheme allows for rich complexity of functional outputs from 

cytokine signaling while utilizing few unique gene sequences. 

 The IL-12 family of cytokines (Fig. 1.9C) similarly employs common receptor 

subunits and JAK-STAT signaling; however, it intriguingly also takes advantage of shared 

cytokine subunits53. The family name sake, IL-12, is a heterodimer of p40 and p35 proteins 

that bind and induce heterodimerization of IL-12R1 and IL-12R2, respectively. JAK2 

and TYK2 activation yield homo-pSTAT4 dimers that are critical for inducing IFN 

production by TH1 cells, in collaboration with T-bet. The sister cytokine, IL-23, shares p40 

with IL-12 but instead forms a heterodimer with p19. It then binds IL-12R1 with IL-23R, 
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which yields pSTAT3 and pSTAT4. Importantly, this blended pSTAT3/4 profile drives 

differentiation of TH17 cells. Thus, the swapping of one cytokine subunit for another 

dictates which effector functions are employed by the CD4 T cell and the type of immune 

response made to a given pathogen. This example effectively illustrates both the elegance 

and the power of a cytokine component to generate the 3-signal model. 

 These 2 families highlight a particularly salient point regarding cytokine signaling: 

shared signaling pathways beget overlapping changes in T cell behavior. As mentioned 

above, all of the common -chain cytokines trigger STAT5 translocation and promote T 

cell proliferation and survival. Importantly, cytokines from other receptor families 

including TSLP54, IL-3, and GM-CSF55-57 signal through STAT5 phosphorylation yielding 

similar promotion of T cell survival. Similarly, despite disparate receptor structures, IL-6, 

IL-21, and IL-23 all signal via pSTAT3 and, perhaps unsurprisingly, all contribute to TH17 

lineage commitment58. 

 While most cytokines trigger JAK-STAT signaling, TGF is an example of one 

that uses a unique, albeit similar, signaling pathway (Fig. 1.10)59. TGF receptors 

(TGFR), heterodimers of TGFR1 and TGFR2, are serine/threonine kinase receptors, 

thus containing intrinsic kinase ability, unlike JAK coupled receptors. Upon cytokine-

receptor ligation, two heterodimer pairs form a heterotetramer and allows the cytoplasmic 

kinase domain of TGF2 to phosphorylate TGF1, activating its own kinase function. 

SMAD2 and SMAD3 can then be recruited to the receptor and phosphorylated by 

TGFR1. pSMAD2/3 heterodimers form heterotrimeric complexes with SMAD4 allowing 

for nuclear translocation where SMADs, much like STATs, act as transcription factors. 

Additionally, though not depicted, TGFR1 can also elicit activation of other signaling 
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pathways including Ras/MAPK and PI3K59,60. TGF has particularly pleiotropic effects on 

T cell biology. It has been well established to act as 3rd signal to skew differentiating CD4 

T cells away from TH1 and TH2 by the inhibition of T-bet61-63 and GATA-364, respectively, 

and instead promote Treg via induction of Foxp365,66. TGF can also block the production 

of IL-2 and T cell proliferation67 by inhibiting TCR-proximal signaling nodes68,69, yielding 

blockade of activating signal 1. Intriguingly, a recent study found that tonic TGF signaling 

to naïve T cells from migratory DCs prior to antigen priming was necessary for tissue 

resident memory T cell (TRM) formation70. This point is incredibly powerful for two 

reasons: 1) at the point of antigenic activation, not all T cells have the same memory cell 

differentiation potential based on prior exposure to cytokines; and 2) the 3-signal model 

provides no framework for understanding these differences.  
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Figure 1.9. Summary of JAK-STAT signaling by cytokine receptors. 

(A) Many cytokines use a common mechanism for activating JAK-STAT signaling. Ligand-mediated 

receptor dimerization yields JAK transphosphorylation, followed by phosphorylation of the receptor tail 

and recruited STAT molecules. STATs then dimerize and translocate to the nucleus to act as transcription 

factors that mediate function. Reprinted with permission from Morris, et al. 201871, license number: 

4893270820990. (B) The common -chain family of receptors share the -chain receptor subunit that 

couples to JAK3 and STAT5 signals. Thus the receptor family has overlapping functions based on this 

commonality, but the other recruited STATs dictated by the remaining receptor subunits provide unique 

flavoring to each cytokine response. Reprinted with permission from Rochman et al, 200943, license 

number: 4893291049860. (C) The IL-12 family of cytokines shows shared cytokine domains as well as 

receptor subunits, allowing for the swapping of cytokine domains to dictate CD4 differentiation. Reprinted 

with permission from Vignali & Kuchroo, 201253, license number: 4893291154641.  

A 

B 

C 
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Figure 1.10. Schematic of TGFR signaling. 

Similar to JAK-STAT signaling, ligand binding triggers receptor dimerization and phosphorylation using 

intrinsic kinase function. SMADs are then recruited to the receptor tail, phosphorylated, and then translate 

to the nucleus to act as transcription factors. Reprinted with permission from: 

https://www.mycancergenome.org/content/pathways/TGF-beta-signaling/  
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1.2.4. A more significant role for the TCR in differentiation and cell survival 

The initial formulation of a 3-signal model had a lasting impact on the field of T 

cell immunology in general. Over time, emphasis on understanding T cell differentiation 

and survival has largely focused on cytokines. Nevertheless, it was evident from even early 

studies that the nature of TCR signaling allows it to have a contribution in eliciting effector 

functions. Namely, the intensity of antigenic stimulation plays a critical role in driving T 

cell memory fate and CD4 differentiation.  

Several studies have compared the magnitude and quality of T cell response elicited 

by varying intensities of TCR stimulations. While T cells have been shown to elicit effector 

functions, including IFN and cytotoxicity, when stimulated with low concentrations of 

antigenic peptide, proliferation is limited, requiring higher doses of antigen to elicit full 

activation and prolonged T cell responses72,73, possibly requiring increased duration of 

TCR engagement with pMHC74. Similar findings were observed using low-affinity 

antigens, but these experiments also showed that, while low-affinity antigens promoted 

improved memory responses to high affinity antigens75. Collectively, these data suggest 

that, while weak TCR signaling can elicit function, increased signal strength is required for 

the robust proliferation needed to generate an effector response. Accordingly, it is currently 

believed that lower TCR signal strength results in the generation of memory, by default76,77. 

 Beyond the role for signal strength in CD8 driving effector and memory responses, 

TCR signaling intensity has been shown to regulate CD4 differentiation. In vitro studies 

have shown that TH1 and TH2 differentiation and cytokine production exist on a spectrum, 

with high doses of antigen, which elicit increased ERK phosphorylation, yielding the 

former helper subset while low antigen doses promote the latter78,79. A similar paradigm 
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has been observed between TH17 differentiation and Treg induction, with lower antigen 

doses or lower affinity antigens yielding increased frequencies of Foxp3+ Treg
80,81. 

1.2.5. The components of TCR signaling 

The classical biochemical network downstream of a TCR has been well 

characterized and reviewed7,82-88 (Fig. 1.11). After briefly discussing the initiation of TCR 

signaling and its early propagation events, this section will focus on the distinct, 

downstream signaling modules that are elicited and the contribution of each to T cell 

function. 

The complete TCR complex itself is comprised of 8 protein subunits: the TCR  

and  chains, which are randomly generated during thymic development by V(D)J 

recombination, that underlie antigen specific binding of the pMHC complex; and 6 

intracellular CD3 molecules (1, 1, 2, 2 chains) that coordinate the initiation of signal 

transduction upon TCR ligation. It is yet unclear exactly how TCR ligation is propagated 

to intracellular signaling molecules; however, when the TCR binds its cognate pMHC, Lck, 

a Src-family kinase that associates with the cytoplasmic tail of the co-receptor molecule 

(CD4 or CD8), is activated and phosphorylates tyrosine residues within ITAM domains of 

the CD3 cytoplasmic tails, most critically CD3, which contain three ITAMs each 

compared to one among other CD3 isoforms. Phosphorylated ITAMs allow for the 

recruitment of Zap70 via binding SH2 domains. Lck phosphorylates docked Zap70, 

activating its kinase activity, and triggering a cascade of signaling events. Lck and Zap70 

yield the phosphorylation of Itk and the assembly of the scaffolding complex comprised of 

pLAT:Gads:pSLP-76. The LAT complex is a critical docking site for phosphorylation of 

PLC by pItk, which elicits several branching signaling modalities. LAT also coordinates 
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the initiation of signaling through SOS1 and Vav1, triggering MAPK cascades that 

integrate with PLC-mediated signaling (discussed further below). Thus, signaling 

proximal to the TCR is accumulated until it is sufficient to establish the activated LAT 

complex. From there disparate signaling modalities are triggered that spread to trigger the 

necessary cellular changes to support T cell activation and differentiation. We next 

consider these signaling modules individually. 

 A common framework for understanding distal TCR signaling surrounds 

considering the resulting changes in transcription they elicit. More specifically, because 

the production of IL-2 by newly stimulated T cells is a definitive marker of activation that 

requires the integration of several transcription factors TF (TF) (Fig. 1.12), minimally 

NFAT, NFB, and AP-1, we can consider those that drive each of these 3 TF as 

independent signaling modules. As indicated above, activation of PLC as is critical 

initiating signaling node for all 3 modules, with pPLC cleaving membrane phospholipid 

IP2 into DAG and IP3. While DAG remains localized to the plasma membrane, IP3 diffuses 

to the ER membrane where it engages its receptor, IP3R, releasing ER Ca2+ stores into the 

cytosol. This Ca2+ flux is positively reinforced by activating calcium release activated 

channel (CRAC) opening and additional cytosolic Ca2+ influx from the extracellular space. 

Calcineurin, a Ca2+ activated protein phosphatase, then dephosphorylates cytosolic p-

NFAT, allowing the TF to translocate into the nucleus. In addition to contributing to IL-2 

transcription, NFAT has been shown to be critical for generating CD40L-dependent help 

to B cells89. Additionally, NFAT complexes with the CD4 lineage defining TF (T-bet, 

GATA3, RORt, Foxp3, etc.) and relative expression of the NFAT isoforms NFAT1 

(NFATc2), NFAT2 (NFATc1), and NFAT4 (NFATc3) have been shown to differentially 
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promote TF activity90. Most notably, a predominant hypothesis for the molecular 

mechanism of anergy induction is that NFAT is induced in the absence of AP-1, promoting 

a unique transcriptome that enforces T cell nonresponsiveness91.  

In parallel to IP3-mediated Ca2+ signaling, DAG recruits and activates PKC that 

phosphorylates CARMA1 to initiate a scaffolding complex that results in activation of IKK 

via phosphorylation. IKK, in turn, phosphorylates IB triggering its proteasomal 

degradation and allowing NFB nuclear translocation. NFB TFs are ubiquitous across 

mammalian cells with diverse functional roles in each cell type dependent on the individual 

NFB subunits expressed; however, in T cells a major role of NFB is to promote cell 

survival through the expression of Bcl-xL92 among other mechanisms93,94. 

DAG also recruits RasGRP to the membrane where it activates Ras, inducing the 

ERK MAPK signaling cascade. ERK signaling is reinforced by activation of SOS1 by Grb2 

at the LAT complex, similarly inducing Ras/Raf signal transduction. Other MAPK p38 and 

JNK are induced by via VAV1 activation of Rho GTPases Rac and Cdc42. All 3 MAPK 

pathways yield phosphorylation of AP-1 TF, allowing for nuclear translocation and 

transcriptional regulation. Although AP-1 TF encompass a variety of subunit isoforms95,96, 

in T cells, heterodimeric AP-1 is typically formed by Fos and Jun. Despite convergence at 

the TF level, each MAPK pathway has separable impacts on T cell behavior, with ERK2 

and JNK1/2 contributing to survival and proliferation97, while the extent of ERK signaling 

specifically tilts the balance of TH1 vs TH2 differentiation79,98-100. Further, ERK-induced 

AP-1 activity has been shown to be critical for CD69 expression101,102, which acts to 

regulate T cell egress from SLO and tissues103-105. Additionally, as mentioned above, AP-

1 is critical for balancing NFAT activity to prevent anergy91. 
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Thus signal 1, recognition by the TCR of antigen presented on MHC, initiates a 

complex orchestra of signaling cascades, eliciting the activity of several TF that collaborate 

to dictate several aspects of T cell biology including proliferation, survival, migration, and 

differentiation. Yet, this complexity provides diverse opportunities for signals 2 and 3 to 

synergize with or regulate T cell behavior. 
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Figure 1.11. Schematic of T cell receptor signaling pathways. 

TCR engagement of cognate pMHC triggers phosphorylation by Lck of ITAMs on the associated intracellular 

CD3 molecules. Zap70 is recruited to pCD3 where it is activated by Lck, initiating a cascade of kinase activity 

and the generation of the LAT complex. This is a critical signaling node, as it serves as the branching site for 

several signaling modules, each culminating in activation of TF that collaborate to activate the T cell. 

Reprinted with permission from Gaud et al. 2018106, license number: 4893291279547. 
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Figure 1.12. Cooperation of several TF are required for the full activation of IL-2 transcription. 

The TCR signaling modules illustrated in Figure 1.11 each drive activation of individual TF that have 

diverse roles in mediating T cell activation. However, all of these TF must act cooperatively at the IL-2 

promoter to elicit transcription and effective T cell activation, as incomplete subsets of these TF yield 

hypo- or non-responsive T cells. 

Reprinted with permission from Rothenberg & Ward, 1996107, Copyright 1996 National Academy of 

Sciences.  



30 

 

 

 

1.2.6. Co-stimulatory receptor signaling 

 This section will briefly discuss the signaling modalities costimulatory receptors, 

providing signal 2 of T cell activation, employ to mediate their effects. Owing to its 

obligatory role in naïve T cell activation, CD28 is by far the best characterized co-

stimulatory molecule. The cytoplasmic tail of CD28 contains several tyrosine containing 

motifs that, upon ligation with B7, are phosphorylated by protein tyrosine kinases 

including Lck108-110. This provides the necessary docking site for the regulatory p85 

domain of PI3K via SH2 interactions, allowing for the activation of PI3K111, which is 

thought to provide the major signaling effect of co-stimulation. PI3K catalyzes the 

phosphorylation of PIP2 to PIP3 which allows for the recruitment and activation via PH 

domains of PDK1. There are two critical targets of PDK1 that appear to underpin the 

costimulatory effects of CD28: PKC and Akt. Activating PKC provides direct input 

into the TCR pathway described above, reinforcing NFB and AP-1 pathways. In this 

manner, CD28 signaling can bolster AP-1 induction and provide balance to NFAT 

induced by Ca2+ signaling and preventing anergy91. Further, Akt signaling is complex and 

contributes in many diverse ways to T cell activation and differentiation, but, generally, 

Akt promotes cell survival and proliferation and regulates T cell metabolism via 

mTOR112,113. 

 Beyond the activation of PI3K, CD28 acts as a dock for many other signaling 

proteins via phosphorylation of its serine and threonine containing motifs as well as 

proline- and lysine-rich domains108. Recruiting scaffolding molecules like Grb2 and Gads 

allows for signaling cascades resulting in JNK/AP-1 and NFB activation; however the 
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relative contributions of these pathways as stimulated by CD28 are poorly 

understood108,114. 

1.3. Timing and order of signals matter. 

A central tenet of the 2-signal and 3-signal models for T cell activation is the 

ordering of these events. In the classic 2-signal model, TCR signaling has to precede or be 

concomitant with costimulatory signals. Studies using “superagonist” CD28 engagement 

provided some evidence that CD28 could act to stimulate T cells without the presence of 

ongoing TCR signaling115, potentially challenging the 2-signal model. However, 

subsequent studies found that CD28 superagonism was dependent on low-level, tonic TCR 

signaling as the elimination of TCR-proximal SLP-76:Vav1116 or Zap70117 negated the 

superagonistic effect. These observations reinforce the model that TCR-mediated signal 1 

is absolutely necessary for activation and that signal 2 alone is insufficient, thus requiring 

that both occur concurrently. Interestingly, signal 2 may not be required at the exact same 

time as signal 1, as a delay in CD28-ligation of up to 2 hours shows minimal diminishment 

of T cell proliferation, with increased dose or duration of TCR stimulation showing even 

less sensitivity to delayed CD28 signaling118. Although there is some flexibility in the 

precise timing requirements of CD28 signaling relative to that of TCR, it is clear that TCR 

engagement must occur with or slightly before co-stimulation in order to effectively 

activate a T cell. 

Beyond the temporal requirements of signals 1 and 2, emerging evidence 

emphasizes that the timing of receiving cytokine-mediated signal 3 is also critical for 

successful activation and differentiation. It is generally thought that naïve T cells are 

refractory to cytokine signaling as many cytokine receptors, including IL-2R, IL-12R, 
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IL-4R, IL-23R, etc., are minimally or not expressed but show strong upregulation upon 

activation. However, observations from studies in which naïve T cells were incubated with 

IL-2 prior to receiving antigen and co-stimulatory stimuli show that these T cells exhibit 

decreased proliferation upon activation in vitro and in vivo119. Pre-treatment imposes 

altered cytokine signaling as STAT5 phosphorylation is diminished upon activation among 

T cells that had previously received IL-2 stimulation, suggesting the induction of negative 

feedback119. Interestingly, these effects are transient as IL-2-treated cells recover 

comparable proliferative capacity within 8 and 20 days, depending on experimental 

conditions119. Additional studies illustrate a similar effect with respect to T cell 

differentiation, as naïve T cells merely exposed to IL-4 during a TH2 response to parasitic 

worm infection become unable to mount an effective TH1 response to subsequent bacterial 

infection, showing significant reduction in IFN production in favor of IL-4120. The TH2 

cytokine milieu, elicited widespread STAT6 phosphorylation in lymph nodes, suggesting 

that naïve cells are in fact responsive to cytokine signals while in an inactive state120. These 

data show that cytokine signaling as part of signal 3 shows dramatic, temporal-specific 

effects on T cell activation and differentiation. 

At the core of the 3-signal model is a framework that enforces tolerance: ensuring 

that the DC that encountered the pathogenic threat via pattern recognition directly engages 

antigen specific T cells and delivers the requisite co-stimulation locally to prevent 

widespread activation of potentially self-reactive T cells. For this model to ensure 

tolerance, naïve T cells must show a similar baseline propensity for activation and 

differentiation. A T cell that had previously received a cytokine signal, for example, that 

lowered the threshold for activation, poising it to respond to antigenic stimulation, may not 
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require co-stimulatory signaling and could activate on the basis of TCR-ligation alone. 

Such a scenario would allow an autoreactive T cell, one that would normally be unable to 

activate as it would not encounter its antigenic peptide in the context of an activated, co-

stimulatory receptor presenting DC, to be aberrantly receptive to activation. The current 3-

signal model is unable to account for differences in naïve T cell baseline threshold for 

activation that can be modulated by prior signaling, forming the basis for several questions 

this dissertation seeks to answer. 

1.4. Other signals can affect TCR signaling 

While the 3-signal model has helped evolve a big-picture understanding of how 

different kinds of signaling entities, are sequentially required to complete T cell activation 

and differentiation, it certainly does not capture all the possible players in these processes 

either. As currently framed, only T cell-APC interactions yielding antigenic and co-

stimulatory signals or paracrine acting cytokines released within the SLO can be 

understood to contribute to T cell activation and differentiation. It is patently clear that the 

3-signal model does not account for all potential inputs T cells encounter. 

One class of physiological signaling molecules are perfectly suited to challenge the 

3-signal model: hormones. Most hormones are released into circulation, making them 

rather long-acting in both time and space. As such, they have the potential to broadly alter 

the baseline potential of inactive T cells, as discussed in the previous section. Fibroblast 

growth factor (FGF), for example is a systemically circulating growth factor that has been 

shown to enhance T cell activation by inducing PLC signaling121-124. As such, FGF 

binding to T cells would be predicted to lower the threshold for activation, potentially 

eliminating the requirement for co-stimulation to activate. In fact, it was observed that in a 
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model of myocardial injury, FGF-2 yielded increased T cell infiltration into the heart tissue, 

including FGF-R expressing cells, as well as increased immunopathology125. In addition to 

modulating the activation of T cells, hormones may alter signal 3, biasing differentiation. 

It was recently shown that IGF signaling through IGF-1R promotes TH17 effector 

differentiation by driving enhancing Akt and STAT3 pathways126. 

Similarly, how the T cell interacts with metabolites in its environment can have a 

significant impact on activation and differentiation. As the proliferative burst that comes 

with activation is an energy intense process, differential access to energy sources such as 

glucose would likely yield distinct proliferative capacities. A recent study examined T cell 

activation under hypoxic conditions, observing Glut1, a glucose transporter, upregulation 

by these cells resulting in increased activation127. Similarly, when cells were sorted on the 

basis of Glut1 expression, Glut1-Hi cells showed greater proliferation and IFN production 

than the Glut-Lo counterparts127. It may seem obvious that limited access to energy would 

yield hypo-responsive cells; however, another characteristic of the cellular milieu, salinity, 

has been shown to be impactful to T cell differentiation as a high salt environment enhances 

acquisition of pathogenic TH17 effector functions128 at the expense of Treg induction129. 

These examples illustrate that the 3-signal model is insufficient to explain the serious 

impact that the context under which APC-T cell interactions occur can have on T cell 

activation. 

The 3-signal model fails to account for the sheer complexity of the environment a 

T cell exists in at all times. Although naïve T cells are often thought of as being functionally 

inert, they are constantly bathed in a diverse milieu of cytokines, metabolites, hormones, 

cell-cell interactions, etc., of which the naïve T cell will be responsive to at least a subset. 
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Importantly, the signaling modules induced by many of these stimuli are well known: FGF 

acts broadly to elicit ERK, Ca2+, NFB, and Akt signaling130; IGF-1 is more limited, 

triggering JNK and Akt131; the erythropoietin receptor (EPO-R) is coupled to JAK2 and 

induces STAT5 nuclear translocation132. A T cell that is exposed to these factors during 

antigen engagement would necessarily show distinct signaling and functional 

consequences compared to a naïve T cell within a different cellular environment. Further, 

because we have an understanding of how the individual signaling modules contribute and 

translate to T cell function, the augmentation or dampening of these individual pathways 

by combining with environmental signals should be predictable by a model that can 

incorporate the T cell environment into an activation scheme. 

1.5. The new concept: signal 0 

Based on these considerations, we propose an update to the 3-signal model: the 

inclusion of a “signal 0.” Simply, signal 0 encompasses all of the signaling events triggered 

by encounter with environmental stimuli prior to TCR signaling. Collectively, signal 0 

defines that baseline state at which the T cell encounters signals 1-3 (Fig. 1.13). As 

discussed above, the timing at which cytokine and other environmental cues are received 

by T cells has a critical role in biasing their subsequent responses. Further, the open-source 

nature of TCR, co-stimulatory, and cytokine receptor-induced signaling modules, as these 

are widely shared by most receptor classes, provides an opportunity for signal 0 events to 

integrate with and bias these pathways when triggered at the time of activation. We believe 

this reframing provides an opportunity to better understand and predict functional 

outcomes of T cell responses. 

1.5.1. The nature of signal 0  
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By definition, for a signaling event to contribute to signal 0, it must (a) occur before 

the initiation of antigenic peptide recognition by the TCR, and (b) trigger a change in 

signaling that is maintained through the time of antigen encounter. In addition to the 

cytokine examples provided above, precedence exists in the literature considering prior 

signaling through the TCR. Prior stimulation with an altered-peptide ligand yields 

decreased T cell proliferation and expression of activation markers upon subsequent 

activation with the parent peptide133,134. Further, naïve CD4 T cells receive tonic 

stimulation in vivo through interactions with MHC-II triggering maintenance of 

phosphorylated CD3 (p21) and improved proliferative capacity135. Intriguingly, this effect 

requires constant exposure to MHC-II as the effect is lost among cells in blood 

circulation135. Additionally, T cells that are repeated or serially triggered through the TCR 

show an accumulation of phosphorylated ERK136. These data clearly show that signaling 

differences elicited by prior TCR signals provide a variable baseline for T cell activation. 

1.5.2. The source of ligands for signal 0: The non-immune chemiome.  

 In order to properly conceive signal 0, we must consider the breadth of potential 

signal 0 events. It must be first noted that the concept of signal 0 does not discount signaling 

events through TCR, co-stimulatory, or cytokine receptors that occurs prior to encounter 

with agonistic antigen; however, these signals have been widely studied. Opportunity for 

particularly novel insights come from broadening our thinking to consider all of the 

environmental stimuli T cells are exposed to. We use the term “non-immune chemiome” 

(NIC) to refer to the totality of these environmental ligands, including hormones, 

metabolites, neurotransmitters, exogenous drugs, etc. Chapter 4 includes a more detailed 

discussion of the NIC. 
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1.5.3. Questions arising 

a. Does previous tickling of the TCR or the signaling modules it activates affect the 

subsequent fate of the T cell? 

b. What are the sources of the NIC in vivo, and which are T cells responsive to? 

c. Can we develop a strategy to study the NIC, both individual constituents and globally? 
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Figure 1.13. Schematic of Signal 0 hypothesis. 

T cells (A) are activated by signals downstream of the TCR, which are coupled to biochemical cascades 

(X,Y,Z etc.). In the absence of antigen (B), they can also be sensitive to other ligands in our chemiome if 

they express receptors (Rc) for them. Rc can share some downstream pathways (e.g. X) with the TCR. We 

predict that these “preconditioning” signals affect eventual TCR activation.   
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1.6. Thesis hypothesis and Specific aims 

The overarching hypothesis of this thesis is that non-immunological molecules in the 

environment, continuously alter basal signaling networks in T cells to bias subsequent T 

cell activation in a microenvironment-dependent fashion and affect long term T cell fate. 

We sought to test this overarching hypothesis through the following specific hypotheses 

and experimental aims: 

Specific Aim 1. Evaluate the hypothesis that the previous activation of a subset of 

cellular signaling pathways that are part of the TCR signaling network will alter 

TCR-driven activation and differentiation. We explore this hypothesis using in 

vitro and in vivo model systems in Chapter 3. 

Specific Aim 2. Evaluate the hypothesis that expression of distinct receptors for 

members of the non-immune chemiome confers differential susceptibility to T cells 

to modulation by the steady state environmental cues. We examined this by 

determining the breadth of NIC molecules that may act on T cells by identifying all 

rNIC expressed by T cells via literature review in Chapter 4. 

Specific Aim 3. Evaluate the sub-hypothesis derived from #2 that discrete 

neurotransmitter receptor expression profiles by T cell subsets allows neuronal 

impulses to differentially impact each T cell subset. In order to evaluate this, we 

examined neurotransmitters as a model for understanding how the NIC can 

modulate resting T cells by providing signal 0 using transcriptomic analyses and in 

vitro models in Chapters 5. 

Specific Aim 4. Based on studies above, we further explored the hypothesis that 

modulation of specific TCR signaling modules allows VIP to alter T cell activation 

and differentiation. We described the specific effects of one NR, vasoactive 

intestinal peptide (VIP), using in vitro culture and in vivo receptor overexpression 

systems to model T cell activation and differentiation in Chapters 6. 
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Chapter 2: Materials and methods 

Cell culture 

Primary murine thymocytes and T cells were maintained in RPMI-1640 (Gibco) 

supplemented with 10% FCS (Gemini), 1% glutamine (Gibco), 1% antibiotic-antimycotic 

(Gibco), and 0.000014% β-mercaptoethanol referred to as T cell media (TCM). Primary 

murine bone marrow was cultured in RPMI 1640 (Gibco) supplemented with 10% FCS 

(Gemini), 2% glutamine (Gibco), 1% sodium pyruvate (Gibco), 1% antibiotic/antimycotic 

(Gibco), 20 ng/mL IL-3 (R&D 403-ML), 50 ng/mL SCF (R&D 455-MC), and 50 ng/mL 

IL-6 referred to as bone marrow media (BMM). Phoenix-GP cells were obtained from 

ATCC and maintained in DMEM (Gibco) supplemented with 10% FCS (Gemini), 2% 

glutamine (Gibco), 1% sodium pyruvate (Gibco), and 1% antibiotic/antimycotic (Gibco) 

referred to as complete DMEM (cDMEM). NIH 3T3 cells were obtained from ATCC. Cells 

were maintained in RPMI 1640 (Gibco) supplemented with 10% FCS (Gemini), 2% 

glutamine (Gibco), 1% sodium pyruvate (Gibco), and 1% antibiotic/antimycotic (Gibco) 

referred to as completed RPMI (cRPMI). 

Mice 

Wild-type mice were obtained from both Jackson Laboratories (C57BL/6J and 

B6.SJL-PtprcaPepcb/BoyJ) and Taconic Biosciences (B6NTac and B6.SJL-

Ptprca/BoyAiTac). B6 mice were bred for dual congenic expression using a dam or sire 

from opposing place of purchase to eliminate any strain drift between the two wild-type 

strains. Wild-type B10.Q/Ai mice were originally obtained from Ron Schwartz, Institute 

of Allergy and Infection Diseases, NIH, Bethesda, MD. Wild-type B10.A-H2a H2-

T18a/SgSnJ mice were obtained from Jackson laboratories. B10.A mice were bred for 
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dual-congenic expression using a dam or sire from opposing genotypes. 5C.C7 TCR 

transgenic mice were obtained from Taconic Biosciences (B10.A-Rag2tm1FwaH2-

T18aTg (Tcra5CC7,Tcrb5CC7)lwep). The A1M TCR transgenic on a CBA/Ca,RAG1-/- 

background were a kind gift of Dr. Steven P. Cobbold, University of Oxford, UK137. They 

were then bred 9 times to B10.A,RAG2-/- and maintained as a homozygous A1M TCR+ 

line. SMARTA TCR transgenic mice were obtained from Jackson Laboratories (B6.Cg-

Ptprca Pepcb Tg(TcrLCMV)1Aox/PpmJ).  TCRαβ knockout mice were obtained from 

Jackson Laboratories (B6.129S2-Tcratm1Mom/J). CD3ε knockout mice were obtained 

from NIAID/Taconic mouse contract (B10.A-Cd45a(Ly5a)/NAi N5). PCC-CD3ε 

knockout mice were generated as described 138-140 and obtained from Ron Schwartz, 

Institute of Allergy and Infection Diseases, NIH, Bethesda, MD. Briefly, these mice have 

expression of a membrane targeted form of pigeon cytochrome C (PCC) under the control 

of the MHC class I promoter and an Ig enhancer and carry a deletion of CD3ε gene such 

that they do not generate a functional T cell repertoire. PCC+ mice were generated by 

crossing PCC-CD3ε knock out mice with B10.A wild-type mouse to generate 

heterozygotes that carry the PCC transgene and generate a full compartment of T cells.  

All animals were bred and maintained in modified specific-pathogen free (SPF) 

facilities at the University of Maryland Baltimore. Experiments were performed with 

animals at least six weeks of age and approved by University of Maryland Baltimore 

Institutional Animal Care and Use Committee. Table 2.1 contains the genetic designation, 

description of phenotype, and the abbreviation used within this thesis.  
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Table 2.1. Mouse model genetic designation and abbreviations. 

 

Mouse Genetic Strain Description Abbreviation Used 

C57BL/6J Wild-type B6 animal B6 

B6.SJL-PtprcaPepcb/BoyJ Wild-type B6 animal B6 

B6NTac Wild-type B6 animal B6 

B6.SJL-Ptprca/BoyAiTac Wild-type B6 animal B6 

B10.Q/Ai Wild-type B10.A animal B10.A 

B10.A-H2a H2-T18a/SgSnJ Wild-type B10.A animal B10.A 

B10.A-Rag2tm1Fwa H2-T18aTg 

(Tcra5CC7,Tcrb5CC7)lwep 

CD4+ TCR-Tg specific for pigeon 

or moth cytochrome C  peptide 

5C.C7 

B10.A-Rag2tm1Fwa 

Tg(TcraA1,TcrbA1)1Alm 

CD4+ TCR-Tg specific for male 

antigen DbY peptide 
A1M 

B6.Cg-Ptprca Pepcb 

Tg(TcrLCMV)1Aox/PpmJ 

CD4+ TCR-Tg specific for LCMV 

peptide 

SMARTA 

B6.129S2-Tcratm1Mom/J Animals lack expression of TCR 

alpha and beta chain which 

prevents T cell development  

TCRαβ-KO 

(B10.A-Cd45a(Ly5a)/NAi N5 Animals lack expression of CD3ε 

which prevents T cell 

development 

CD3ε-KO 

B10.A, mPCC (Tg), CD3e-/- Animals lack expression of CD3ε 

which prevents T cell 

development. Animals also have 

transgenic expression of 

membrane localized pigeon 

cytochrome C under the MHC 

class I promoter and Ig enhancer.  

PCC-CD3ε-KO 

B10.A, mPCC (Tg) Animals have single allele of 

CD3ε and transgenic expression of 

membrane localized pigeon 

cytochrome C under the MHC 

class I promoter and Ig enhancer 

PCC+ 
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Primary lymphocyte isolation 

Mice were euthanized by cervical dislocation and spleens and/or lymph nodes 

(inguinal, axillary, brachial, superficial cervical, lumbar, sacral, mesenteric, and 

pancreatic) – see figure legends for whether splenocytes were included in the experiment 

– were collected into sterile buffer (1xPBS supplemented with 5% FBS and 1x 

antimycotic/antibiotic, “crushing buffer”). A single cell suspension was prepare by 

mashing tissues through sterilized 100 M nylon mesh. 

Magnetic T cell selection (MCS) 

 To ensure sufficient cell numbers following enrichment, most experiments pool 

single cell suspensions from 2-4 littermates, as indicated in individual figure legends. Cell 

suspensions were first Cells were applied to Ficoll-paque Plus (GE Healthcare) and the 

mononuclear cell layer was collected, diluted with fresh buffer and pelleted by 

centrifugation. To enrich for T cells using a negative selection strategy, cells were 

incubated on ice for 15 min with unconjugated or biotinylated primary antibodies 

(depending on reagent availability, see Table 2.2), washed with buffer, and incubated with 

a mixture of anti-mouse and anti-rat coated Dynabeads (Invitrogen) or MyOne Streptavidin 

T1 DynaBeads (Invitrogen) for 20 min at 4C. This suspension was placed against a 

separation magnet (Dynal) and the magnetic-particle-free supernatant containing the T 

cells pipetted out.  

For some experiments (as indicated in figure legends), cells underwent a second 

magnetic negative selection using MACS Anti-Biotin MicroBeads protocol (Miltenyi 

Biotec). Briefly, cells were incubated on ice for 10 min with the biotinylated antibody 

panel in Table 2.2. Primary antibodies were washed away before incubation with anti-
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biotin MicroBeads (Miltenyi Biotec; 20 µL/107 cells) for 15 min at 4°C. After an 

additional wash with buffer, cells were separated using the autoMACS Pro (Miltenyi 

Biotec) “Depletes” protocol.   
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Table 2.2. Antibodies used for magnetic T cell selection.   

Antibody Conjugate Clone 

Concentration 

(μg/mL) Source Cat. # 

NK1.1 - PK136 6.25 purified in-house  

CD11b - M1/70 10.0 BD Pharmingen 553308 

MHC-II (I-A/I-E) - M5/114 5.0 eBioscience 14-5321-85 

B220 - RA3-6B2 5.0 eBioscience 14-0452-86 

NK1.1 biotin PK136 5.0 BioLegend 108704 

CD11b biotin M1/70 10.0 BioLegend 101204 

MHC-II (I-A/I-E) biotin M5/114 5.0 BioLegend 107604 

B220 biotin RA3-6B2 5.0 BioLegend 103204 

CD8 biotin 53-6.7 5.0 BioLegend 100704 
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T cell drug pre-treatment scheme 

 Either MCS-enriched polyclonal T cells or TCR-Tg lymph node single cell 

suspensions (as indicated in figure legends) in TCM were plated on 96-well plates and 

treated with the indicated signaling inducer or receptor agonist for 15 or 30 min at 37C. 

After centrifugation (1500 rpm x 5 min), media was replaced with fresh warmed TCM. 

Cells were then supplemented with APCs and activating peptide or transferred to an anti-

CD3 coated 96-well plate and supplemented with anti-CD28 (see next method). Cells 

were maintained at 37C until prepared for the given assay, typically 24 or 72 hr later. 

Ex vivo T cell activation and culture 

 Primary T cells were activated and cultured ex vivo in many experimental contexts; 

however, in all cases, either an antibody-mediated or APC/antigen activation strategy was 

used with a narrow range of technical variation. For antibody-mediated activation, plate-

bound anti-CD3 (clone: 145-2C11, BD Pharmingen #553058) was prepared by adding 

100 L of 1 or 3 g/mL antibody solution to a flat-bottom, 96-well plate. After 2 hr of 

incubation at 37C, plates were removed and washed twice with PBS. T cells in TCM (50-

100x103 cells/well) containing 2 g/mL anti-CD28 (clone: 37.51, purified in-house) were 

transferred to the coated plate. In these experiments, no stimulation controls were always 

included by transferring an identical number of cells in normal TCM to uncoated wells on 

the plate (i.e. culture without anti-CD3 or anti-CD28). 

 For APC/antigen activation, 20-100x103 TCR-Tg T cells were cultured in round-

bottom 96-well plates in TCM with splenocytes from a compatible T cell depleted mouse 

line (CD3-KO or TCR-KO) at a 1:5 ratio. Antigenic peptide was added at 10 nM to 3 
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M (per experiment). In these experiments, no stimulation controls were prepared by not 

transferring antigenic peptide to control wells (typically labeled “0 nM” or “0 M”). 

Ex vivo T cell differentiation 

 T cells were stimulated using the antibody-mediated activation scheme in the 

presence of a TH17 skewing cocktail (10 ng/mL IL-1, 30 ng/mL IL-6, 20 ng/mL IL-23, 

10 g/mL anti-IFN, 10 g/mL anti-IL-4), a TH22 skewing cocktail (10 ng/mL IL-1, 30 

ng/mL IL-6, 20 ng/mL IL-23, 400 nM FICZ, 10M galunisertib, 10 g/mL anti-IFN, 10 

g/mL anti-IL-4) or no skewing control. In one experiment, galunisertib was left out of the 

TH22 skewing cocktail (indicated in figure legend), but the remaining components were 

the same. Depending on the experiment, cultures were then supplemented with 100 nM 

VIP (Tocris), 10 U/mL IL-2 (Peprotech), or both. After either 3 or 4 days in culture, cells 

received fresh media and were reactivated using 50 ng/mL PMA and 1 g/mL ionomycin 

for 5 hours. After 1 hour, brefeldin A was added to culture. Cells were then prepared for 

flow cytometry. (A) Gating strategy for identifying CD4+ T cells. (B) IL-22 production by 

CD4+ T cells following treatment with or without VIP and the indicated skewing condition. 

Proliferation dye labeling 

T cells were labeled with 2μM carboxyfluorescein succinmidyl ester (CFSE, 

Molecular Probes) or Cell Trace Violet (CTV, Thermo) in PBS supplemented with 0.5% 

FCS in 37°C water bath for 12 minutes. The cells were washed with neat FCS to quench 

labeling and then resuspended in crushing buffer or TCM dependent upon assay.  

Flow cytometry staining 

Fc-receptor blocking was performed for 10-15 minutes at 4°C in PBS supplemented 

with 2% FCS, 0.01% azide, 1% mouse serum, 1% hamster serum, and 1% rat serum 
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(FcBlock). Surface staining was performed for 15 minutes at 4°C in PBS supplemented 

with 2% FCS, 0.01% azide, and 0.02% EDTA (FACS buffer) using the antibodies provided 

in Table 2.3. Cells were washed once with FACS buffer. Cells were then analyzed on one 

of the following flow cytometers: LSR II (BD), Canto II (BC), LSRFortessa (BD), or 

Aurora (Cytek). All flow cytometry data analysis was performed using FlowJo v10.4. 
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Table 2.3. Antibodies used for flow cytometric analysis. 

 

Antibody Fluorochrome Manufacturer Catalog # Clone  

7AAD   BioLegend 420403   

B220 eFlour450 eBioscience 48-0452-82 RA3.6B2 

B220 FITC Invitrogen 11-0452-82 RA3-6B2 

c-kit PE-Cy7 BD Pharmingen 561681 2B8 

c-kit PE BioLegend 105807 2B8 

CD11b eFluor450 eBioscience 48-0112-82 M1/70 

CD11c eFluor450 eBioscience 48-0114-82 N418 

CD25 eFluor450 eBioscience 48-0251-82 PC61 

CD25 APC BioLegend 102012 PC61 

CD25 PE eBioscience 12-0251-82 PC61 

CD3 APC-Cy7 BD Pharmingen 557596 145-2C11 

CD3 APC BioLegend 100235 17A2 

CD4 BV605 BioLegend 100451 GK1.5 

CD4 APC-Cy7 BD Pharmingen 552051 GK1.5 

CD4 eFluor450 eBioscience 48-0041-82 GK1.5 

CD4 PE-Cy7 eBioscience 25-0041-82 GK1.5 

CD4 BV750 BD Pharmingen 747102 GK1.5 

CD4 PE eBioscience 12-0042-83 RM4-5 

CD4  APC BioLegend 100515 RM4-5 

CD44 APC eBioscience 17-0441-83 IM7 

CD44 PE-Cy7 BioLegend 103030 IM7 

CD44 PE eBioscience 12-0441-83 IM7 

CD44 PerCPCy5.5 BioLegend 103032 IM7 

CD44 BV421 BioLegend 103039 IM7 

CD45.1 APC-Cy7 BioLegend 110716 A20 

CD45.1 PE-Cy7 eBioscience 25-0453-82 A20 

CD62L AF700 BioLegend 104426 MEL-14 

CD69 PE Invitrogen 12-0691-82 H1.2F3 

CD8 FITC eBioscience 11-0083-85 eBioH35-17.2 

CD8 PE-Cy7 eBioscience 48-0081-82 eBioH35-17.2 

EGFR AF700 CST 42675 D38B1 

ERK AF647 CST 5376 137F5 

I-Ab AF647 BioLegend 115310 KH74 

IFN FITC BioLegend 505806 XMG1.2 

IL-17A eFluor450 eBioscience 48-7177-82 eBio17B7 

IL-22 APC Invitrogen 17-7222-82 IL22JOP 

LiveDead Far red Invitrogen L34973   

LiveDead Near IR Invitrogen L34975   
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LiveDead Violet Invitrogen L34964  

MHC II eFluor450 eBioscience 48-5321-82 M5/114.15.2 

Mouse IgG  

Jackson 

ImmunoResearch 115-005-044  

NK1.1 eFluor450 eBioscience 48-5941-82 PK136 

pAkt PE-Vio770 Miltenyi Biotec 130-105-343 REA359 

pCREB PE BD Pharmingen 558436 J151-21 

pERK AF488 CST  D13.14.4E 

pERK AF647 CST  D13.14.4E 

pERK AF488 CST 4780 197G2 

pERK PerCP-Cy5.5 BioLegend 369511 6B8B69 

pp38 PE-CF594 BD Pharmingen 563569 36/p38 

pS6 APC Invitrogen 12-9007-42 cupk43k 

pSLP-76 AF647 BD Biosciences 558438 J141.668.36.58 

pSLP-76 PE BD Biosciences 558437 J141.668.36.58 

pZap70 (Y292) PE BD Biosciences 558510 J34-602 

pZap70 (Y319) PE-Cy7 BD Biosciences 561458 17A/P-ZAP70 

Rabbit IgG FITC 

Jackson 

ImmunoResearch 111-095-003  

RORt APC eBioscience 17-6988-80 AFJKS-9 

Sca-1 APC-Cy7 BD Pharmingen 560654 D7 

T-bet PE-Cy7 eBioscience 25-5825-82 eBio4B10 

T-bet PerCP-Cy5.5 eBioscience 45-5825-82 eBio4B10 

TCRβ PE-Cy7 BioLegend 109222 H57-597 

TCRβ FITC BD Pharmingen 553171 H57-597 

Vβ3 FITC BD Pharmingen 553208 KJ25 

Vβ3 PE BD Pharmingen 553209 KJ25 

Zap70 FITC eBioscience 11-6695-82 1E7.2  
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Intracellular cytokine staining 

After either 3 or 4 days in culture, ex vivo differentiated T cells received fresh media 

and were reactivated using 50 ng/mL PMA and 1 g/mL ionomycin for 5 hours. After 1 

hour, brefeldin A was added to culture. Surface staining was performed as described above. 

Intracellular staining was performed with eBioscience Fixation/Permeabilization Kit. Cells 

were resuspended in 1X eBioscience Fixation/Permeabilization buffer and incubated 

overnight at 4°C. Intracellular staining was performed overnight at 4°C in 1X eBioscience 

Permeabilization Buffer using the antibodies listed in Table 2.3. Stained cells were washed 

twice with FACS buffer and then analyzed using one of the above listed flow cytometers.  

Transcription factor staining 

 Surface staining was performed as described above. Transcription factor staining 

was performed using the True-Nuclear Transcription Factor Buffer kit (BioLegend). Cells 

were resuspended in True-Nuclear 1X Fix Concentrate and incubated at room temperature 

for 1 hr. Cells were washed twice with True-Nuclear 1X Perm Buffer before staining with 

the antibodies listed in Table 2.3 in True-Nuclear 1X Perm Buffer for 45 min. Cells were 

washed once with FACS buffer and analyzed using one of the above listed flow cytometers 

Cytokine capture assay 

 LN and splenocyte single cell suspension recovered from mice with in vivo 

activated T cells (see below) were cultured TCM with 10 M PCC protein overnight at 

37C to reactivate 5C.C7 T cells. IFN capture assay was performed using mouse IFN 

secretion assay-detection kit (Miltenyi Biotec). Briefly, cells were transferred to 50 mL 

conical tubes and resuspended in 90 L cold capture buffer (PBS supplemented with 0.5% 

BSA and 2 mM EDTA). 10 L of IFN capture reagent was added and incubated on ice 
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for 5 min. 50 mL of warm capture media (RPMI-1640 (Gibco) supplemented with 5% FCS 

(Gemini)) was added and cells were incubated at 37C for 45 min, with rotation every 5 

min. Cells were washed with 1 mL capture buffer and prepared for flow cytometry. Surface 

staining was performed as above, except anti-IFN-PE reagent was added 1:10 during the 

antibody incubation period.  

Phospho-flow cytometry 

T cell stimulation for phospho-flow cytometry included TCR-crosslinking using 

biotinylated antibodies and streptavidin, drug treatment, or both. Cell samples to be 

activated by TCR-crosslinking were stained in PBS with antibodies listed in Table 2.4 (as 

indicated by individual figure legends), washed, and resuspended in PBS. Cells were added 

to FACS tubes containing 5 g/mL streptavidin in PBS, pre-warmed to 37C in a water 

bath. Cell samples to be treated with drugs were resuspended in PBS and added to pre-

warmed FACS tubes containing the intended drug in PBS. Cell samples to be drug treated 

and antibody-activated were stained with biotinylated antibodies as above and then added 

to pre-warmed FACS tubes containing streptavidin and the intended drug. Once cells are 

added to the tube, they were vortexed briefly and returned to the water bath. After the 

intended stimulation time, cells were fixed with 1.5% PFA. Cell membranes were 

permeabilized by incubation in 2 mL of ice cold 100% MeOH on ice for 30 min. After 

centrifugation (2000 rpm x 10 min), cells were rehydrated by incubation in 2 mL FACS 

buffer for 30 min on ice. Cells were then stained overnight at 4C with antibodies listed in 

Table 2.3. Cells were washed twice with FACS buffer and analyzed using one of the above 

listed flow cytometers. 

  



53 

 

 

 

Table 2.4. Antibodies used for TCR-crosslinking in phospho-flow cytometry studies. 

 

Antibody Conjugate Clone 

Concentration 

(µg/mL) Source Cat. Number 

CD3 biotin 17A2 10.0 BioLegend 100244 

CD4 biotin GK1.5 10.0 BioLegend 100404 

CD8 biotin 53-6.7 10.0 BD Pharmingen 553029 

CD28 biotin 37.51 10.0 BD Pharmingen 553296 

 

FACS-purification 

 T cells enriched using by one round of MCS were stained using the antibodies in 

Table 2.5 and 7AAD (BioLegend). Sorting was performed using the FACS Aria II (BD). 

The gating strategy used is described in Chapter 5. 

 

Table 2.5. Antibodies used for FACS-purification. 

 

Antibody Fluorophore Clone 

Concentration 

(µg/mL) Source Cat. Number 

CD4 APC-Cy7 GK1.5 2.0 BD Pharmingen 552051 

CD8b FITC eBioH35-17.2 2.0 eBioscience 11-0083-85 

TCR β Chain PE-Cy7 H57-597 2.0 BD Pharmingen 560729 

CD25 PE PC61 2.0 eBioscience 12-0251-82 

CD44 APC IM7 2.0 eBioscience 17-0441-82 

NK1.1 eFlour 450 PK136 1.0 eBioscience 48-5941-82 

CD11b eFlour 450 M1/70 0.6 eBioscience 48-0112-82 

CD11c eFlour 450 N418 0.6 eBioscience 48-0114-82 

B220 eFlour 450 RA3-6B2 0.6 eBioscience 48-0452-82 
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Thymidine incorporation assay 

“Pre-activated” 5C.C7 cells were generated using ex vivo culture with APCs from 

CD3-KO mice and 1 M MCC for 3 d. Cells were then rested in the absence of antigenic 

stimuli but IL-2 supplementation for 8 d. Pre-activated and freshly isolated naïve 5C.C7 

were activated using anti-CD3/28 or with APC (CD3-KO) and 1 M MCC peptide in the 

presence of indicated dose of insulin (combination of bovine and human in a 1:1 mix). 

After 48 hr in culture, 1 Ci of 3H-thymidine was added to each well. After an additional 

24 hr, cells were harvested onto a nylon wool filter using a Tomtec cell harvester. 

Scintillation count was then determined using a Wallac Betalux betacounter. 

RNA extraction and RT-PCR 

To isolate RNA, T cells (either FACS sorted or MCS purified, as required) were 

spun down, the pellets loosened and resuspended in TRIZOL (Invitrogen). These cell 

lysates were further homogenized by applying to QIAshredder columns (Qiagen). The 

filtrate from the column was combined with 100 µL of chloroform and incubated at room 

temperature for 2 min. After centrifugation (17000g for 15 min), the aqueous layer was 

collected and combined with an equal volume of 70% ethanol. The RNA mixture was then 

purified using the Qiagen RNeasy Mini kit. Briefly, the RNA mixture was applied to a 

Qiagen RNeasy, washed once each with 700 µL of RPE buffer and 500 µL 80% ethanol, 

and eluted with 50 µL PCR-grade water with 20 U of SUPERase RNase inhibitor added 

(Invitrogen). RNA yield and quality were determined using a NanoVue Plus (GE). For 

reverse transcription, ~250 ng of RNA per sample was converted to cDNA using the 

Qiagen RT2 First Strand kit, including the genomic DNA elimination step. For NR 

expression validation (Chapter 5), cDNA was applied to the Qiagen RT2 Profiler PCR 
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Array Mouse Neurotransmitter Receptors kit, performed per manufacturer’s instructions 

and normalized to house-keeping genes (Actb, B2m, Gapdh, Gusb, Hsp90ab1; geometric 

mean Ct for all 5 genes). Vipr1 expression (Chapter 7) was measured using the following 

primers: Vipr1 5’-ATGGATGAGCAGCAACAGACT-3’ and 5’-

GGCCATGACGCAATACTGG-3’; Actb 5’- GGAGCACCCTGTGCTGCTCACCGAGG 

3’ and 5’- ATCTACGAGGGCTATGCTCTCCC -3’. The expression of Vipr1 was 

normalized to Actb. All qPCR was performed using ABI 7900HT. 

NanoString RNA count analysis 

To take an unbiased approach to assess NR expression, we generated a 

comprehensive list of NR genes, adapting from Iwama and Gojobori 2002141, and including 

additional genes identified through further literature review. Working with representatives 

from NanoString, this gene list was developed into a set of 179 NR targeting probes and 6 

probes targeting housekeeping genes (see Table 5.6 for gene list and probe details). Our 

probeset (available for purchase under the label CodeSet NR-Mm-20113) arrived as part 

of the NanoString nCounter Gene Expression Assay kit, which includes all necessary 

reagents. To prepare a NanoString reaction, briefly, the provided reporter probes were 

diluted in hybridization buffer and added to the provided 12 well plate. ~100 ng of isolated 

RNA per sample was applied to the probes and heated to 65°C. The capture probes were 

then added immediately before beginning hybridization for 12 hours. Resulting expression 

data were analyzed using nSolver 4.0 software (NanoString). Background thresholding was 

applied using the mean of the negative control wells.  

ImmGen microarray analysis 
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Microarray data sets corresponding to mature, peripheral αβ T cell populations 

collected by the Immunological Genome Project (www.immgen.org) were downloaded 

from the NCBI Gene Expression Omnibus (GEO) (accession number GSE15907). 

Standardized cell isolation protocols can be found on the ImmGen website. Briefly, male, 

5-week-old C57BL/6J mice were euthanized and the indicated tissues from 3 or more mice 

were pooled to prepare a single cell suspension. Cells underwent two rounds of selection, 

either 2 rounds of FACS purification or one round of magnetic pre-purification using Dynal 

beads followed by FACS purification, to achieve >99% purity of the indicated T cell 

population. Cells were directly sorted into Trizol before RNA isolation. Microarray 

analysis was performed using Affymetrix Mouse Gene1.0ST array.  

Microarray datasets were analyzed in Microsoft Excel using the BRB-ArrayTools 

v4.5 package. Individual microarray data files were imported and collated using the 

“Affymetrix Gene ST Array Importer” function, applying quantile normalization and 

removing spot and gene filters. Biological replicates were averaged and thresholding was 

applied to the NR genes in the above gene list, modified from the ImmGen quality control 

analysis (Bezman et al. 2012, Supplementary Note 2). Briefly, after quantile normalization 

was applied to the >650 arrays collected, expression values >120 were determined to 

correspond with a ≥95% probability of true expression while values <47 have a ≥95% 

probability of being silent. In our hands, quantile normalization using the subset of 78 

microarrays for peripheral ab T cells yielded mean expression values approximately 20% 

lower than that of the ImmGen normalization protocol. As such, we used respective 

threshold values of 100 and 40 for our analysis. Parallel analyses using both threshold 

values were performed and presented as indicated. 
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GEO microarray analysis 

Microarray data sets were downloaded from GEO and analyzed in Microsoft Excel 

as above. The GEO accession numbers and citations for the datasets analyzed are as 

follows: GSE89037142, GSE41870143,144, GSE39152145, and GSE47045146.  Details 

regarding experimental methodology for all studies are included in the Chapter 5.2. Data 

files were imported and collated as ImmGen datasets (above). A gene subset defined by 

the above NR gene list was then analyzed using either the “Class comparison between 

groups of arrays” function, setting a significance threshold of 0.01, or “Time course 

analysis,” setting a false discovery rate of 0.05. Genes identified by these analyses were 

then further tested for significantly different expression between groups using a Student’s 

T-test. 

RNA-Seq analysis 

Collated FPKM or TPM text files were downloaded from GEO and analyzed using 

Microsoft Excel. For the minority of data series that were available as individual files, the 

web-based Galaxy Project (www.galaxyproject.org) tool was used to collate the data set. 

The above NR gene set was used to filter the data and thresholding was applied to eliminate 

background expression. The GEO accession numbers and citations for the datasets 

analyzed are as follows: GSE111143147, GSE107281148, GSE78247149, GSE85294150, 

GSE97863151, and GSE112706 (unpublished). 

Primary T cell, cell line, and tissue lysate preparation 

 Primary T cell samples, either purified or following drug treatment, were flash 

frozen using liquid N2 and thawed before the addition of 2x cell lysis buffer (2% NP-40, 

20 mM Tris-HCl, 300 mM NaCl, 4 mM EDTA, 100 mM β-glycerophosphate, 4 mM 
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sodium orthovanidate, 20 mM sodium fluoride, 2 mM dithiotheitol, 2 mM PMSF, 1x 

cOmplete protease inhibitor cocktail (Sigma), 1:1000 phosphatase inhibitor cocktail set IV 

(Calbiochem)). Confluent P6 Neuro-2a and P38 SH-SY5Y cells were trypsinized, counted, 

flash frozen, and thawed before the addition of cell lysis buffer (as above). 

Brain, lung, and small intestine were collected from unperfused C57BL/6 mice 

euthanized by cervical dislocation. Small intestine was cut to 5 cm length and flushed with 

normal saline. Tissues were then weighed and incubated with tissue lysis buffer (50 mM 

Tris-HcL, 150 mM NaCl, 0.25% SDS, 0.25% sodium deoxylcholate, 1 mM EDTA, 1x 

cOmplete protease inhibitor cocktail (Sigma)) for 10 min before bead homogenization 

using a Roche MagNA Lyser at speed 6000 for 60s. Homogenate underwent centrifugation 

(10,000g x 10 min) and the supernatant was collected. 

Western blot analysis 

Cell and tissue lysates were combined with 2x Laemmli sample buffer (Bio-Rad), 

boiled for 10 min, and rested on ice for 3 min before loading onto NuPage 4-12% Bis-Tris 

1.5 mm protein gel (Invitrogen) or hand-poured 10% polyacrylamide gels using the TGX 

FastCast Acrylamide kit (Bio-Rad). Additionally, SeeBlue Plus2 Prestained Standard 

(Invitrogen) was loaded as a size marker. Gels were transferred to 0.45 µm pore 

nitrocellulose membrane (Novex) using a TransBlot Turbo (Bio-Rad, 25 V for 20 min). 

Blots were blocked using 5% Blotto (SantaCruz) for 1 hr at room temperature. Blots were 

then incubated with primary antibody (Table 2.6) for either 1 hr at room temperature or 

overnight at 4°C. Following washing, blots were incubated with secondary antibody (Table 

2.7) for 1 hr at room temperature. Blots were then incubated with SuperSignal West Dura 

extended duration substrate or SuperSignal West Femto maximum sensitivity substrate 
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(Thermo Scientific) and visualized with ChemiDoc MP Imaging System (Bio-Rad). When 

a blot was stripped for re-blotting, it was incubated in stripping buffer (62.5 mM Tris-HCl, 

2% SDS, 100 mM -mercaptoethanol in H2O) at 50C with gentle rotation for 30 min. It 

was then washed 6 times before restarting protocol at the blocking step. Band densitometry 

was measured using ImageJ software. 

 
Table 2.6. Primary antibodies used for western blot analysis. 

When in italics, the gene name for the target protein is listed. 

 

Antibody target Host Conjugate 

Concentration 

(μg/mL or 

dilution) Source Cat. Number 

Adora2a mouse - 1.0 SantaCruz sc-32261 

Adrb2 rabbit - 0.38 Proteintech 13096-1-AP 

Gabrr2 rabbit - 4.0 Alomone AGA-007 

Gria3 rabbit biotin 3.3 Bioss bs-1799R-Biotin 

Lpar6 rabbit - 4.1 Alomone ALR-036 

Sigmar1 mouse - 1.0 SantaCruz sc-137075 

Vipr1 goat - 2.0 Abcam ab123517 

-actin mouse - 1.0 Abcam ab8226 

pERK rabbit - 1:1000 CST 9101S 

ERK2 rabbit - 1:2000 SantaCruz sc-153 

 
Table 2.7. Secondary antibodies used for western blot analysis. 

 

Target Host Conjugate Dilution Source Cat. Number 

Mouse IgG (H+L) Goat HRP 1:5000 Bio-Rad 170-6516 

Rabbit IgG (H+L) Goat HRP 1:5000 Bio-Rad 170-6515 

Goat IgG (H+L) Rabbit HRP 1:5000 Bio-Rad 170-6520 

Streptavidin - HRP 1:1000 BD Pharmingen 554066 

  



60 

 

 

 

Immunofluorescence imaging 

Cells were stimulated and prepared for intracellular antibody staining as described 

in the phospho-flow cytometry section. Cells were stained overnight at 4C with primary 

antibodies: AF488-anti-pERK (CST #13214) and mouse-anti-GM130 (BD #610822). The 

cells were washed the next day with PBS and stained with Cy3-donkey-anti-mouse IgG 

secondary antibodies (Jackson ImmunoResearch #715-166-020). After additional washing, 

cells were adhered to silanated glass slides using cytocentrifugation (900 g x 3 min). A 

drop of ProLong Gold Antifade Mountant with DAPI (Invitrogen #P36935) was added and 

overlaid with a class coverslip. All images were taken using the 100x objective. 

Adoptive transfer and in vivo T cell activation 

 TCR-Tg T cells were adoptively transferred in several experimental contexts in 

order to study T cell activation in vivo. Individual figure legends will specify the TCR-Tg 

mouse used, the number of T cells transferred, prior activation or treatment status, the 

mouse strain transferred to, the dose of LPS used to activate cells, and the time delay 

between transfer and LPS/peptide injection. This section will describe the common 

protocol elements. 

 T cells were resuspended in PBS at a concentration of the transferred cell number 

(105 to 106) per 100 L. Cells were transferred to host mice via retro-orbital, intravenous 

(i.v.) injection. Transferred T cells were activated in vivo by intraperitoneal (i.p.) injection 

of LPS (0.5-2.5 g) and agonistic peptide (30 g) in 100 L PBS immediately, 6 hr, or 24 

hr after T cell transfer. 
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ELISA 

 Supernatants were collected form ex vivo cultures and cytokine concentrations were 

measured using commercially available ELISA kits: IFN (eBioscience mouse IFN 

ELISA Ready-Set-Go! Kit), IL-17A (eBioscience mouse IL-17A ELISA Ready-Set-Go! 

Kit), IL-4 (R&D Mouse IL-4 Quantikine ELISA kit).  

Vipr1 retroviral overexpression 

 Vipr1 cDNA was amplified in two, overlapping segments from B6 FACS-purified 

CD4+CD44lo T cell cDNA. Primers used: Vipr1 (5’ segment): 5’-

AGGAATTGAGCGGCCGCCACCATGCGCCCTCCGAG-3’ and 5’-

GGCCATGACGCAATACTGG-3’; Vipr1 (3’ segment): 5’-

ATGGATGAGCAGCAACAGACT-3’ and 5’-

CGCTAGCGAGGCCTCCTAGGACCAGGGAGACCTCCGCTTGGAAG-3’. The Vipr1 

gene segments were cloned into the pQ2AB retroviral vector (Addgene, #124887) using 

an In-Fusion reaction (Takara). Vipr1 and vector control retroviral plasmids were used to 

transfect Phoenix-GP cells with resulting retroviral supernatants collected and 

concentrated. Retroviruses were used to transduce TCR-Tg T cells by spinoculation. 

Briefly, T cells were activated ex vivo using the APC/antigen activation scheme described 

above. After 30 hours of activation, cells were incubated with retroviral expression vectors 

expressing Vipr1 (pV-RV, 1:10 final dilution) or empty vector (pQ-RV, 1:100 final 

dilution) and centrifuged (2000 rpm x 2 hr, 32C). A second round of transduction was 

repeated 10 hours later. 24 hr later, 1 g/mL puromycin was added to culture to select for 

transduced cells. 
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Bone marrow chimeric mouse preparation 

 Bone marrow (BM) chimeras using pV-RV and pQ-RV transduced BM were 

established as follows. B6 BM was collected by flushing the femur and tibia with crushing 

buffer. A single cell suspension was generated by passing cells through 100 M nylon 

mesh. BM was cultured in 6-well plates in 3 mL BMM for 24 hr. pQ-RV (1:200 final 

dilution) and pV-RV (1:20 final dilution) were transduced using spinoculation as above. A 

second round of transduction was performed 10 hours later followed by puromycin 

selection as above, 24 hr later. After an additional 24 hr, 100,000 BM cells were each 

transferred to irradiated (600 rad) TCR-KO mice by retro-orbital, i.v. injection. Mice 

were maintained on an antibiotic regimen of sulfamethoxazole/trimethoprim for 2 weeks 

following transfer. Cells were collected from mice ~10 weeks later for analysis. 

Statistical analysis 

Statistical analysis of ImmGen data was not possible as only mean signal intensity 

data for 2-4 samples is available, without SD or SEM data. For remaining analyses, the 

two-tailed unpaired Student’s T-test was applied using GraphPad Prism software. 
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Chapter 3: Pre-stimulating specific subsets of the TCR signaling pathway alters T 

cell activation 

3.1. Introduction 

3.1.1. Approach to studying testing the signal 0 hypothesis 

A central tenet of the signal 0 hypothesis that we investigated in this thesis is that 

triggering of individual modules of the TCR signaling pathway (see section 1.2.5, Fig. 1.1) 

should differentially bias subsequent ‘full’ T cell activation due to all signaling components 

being efficiently engaged (Fig. 1.13). In the context of an in vivo model, this is quite 

challenging to investigate. As discussed in the introduction, signals from cytokines, 

metabolites, and multiple environmental cues are available to T cells all the time in 

different tissue sites. So, although the goal is to understand how these very cues may impact 

on overall T cell function, examining them using purely in vivo models would be 

challenging. On the other hand, using in vitro experiments offers a minimal or 

reductionistic system that would allow a clearer dissection of how prior activation of 

individual TCR signaling modules bias subsequent activation. 

The goal for this chapter was then to select reagents that would specifically activate 

individual pathways of TCR signaling such that we could target each one separately with 

drug treatment before activating the T cell with antibody or antigenic peptide and examine 

changes in markers of activation, proliferation, and cytokine production. Ideally, the 

terminal kinases of each pathway, calcineurin, IKK, ERK, JNK, and p38, could be targeted 

specifically such that the effects of each module could be cleanly isolated. 

A problem with this approach, is that while there are several specific inhibitors for 

these and other enzymes within these modules, virtually no specific activators have been 
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identified. Interestingly, this is a challenge for the study of most biological systems beyond 

T cells as enzymes appear to be uniquely difficult to isolate in this way and new methods 

for identifying specific inducers are being developed152. Instead of an activator based 

approach to isolate signaling modalities, we considered a reverse strategy in which 

combinations of specific pathway inhibitors could be paired with TCR ligation, allowing 

only a selected pathway to signal – i.e. combining MAPK and NFB inhibition with TCR 

stimulation to allow for isolated Ca2+ signaling. We opted against this approach two 

reasons: 1) while small molecule inhibitors are more specific than activators, they still have 

off-target effects that would confound investigation, and 2) although we could potentially 

block the TCR-singling modalities that lead to changes in gene transcription, completely 

eliminating all of the pathways evoked by TCR stimulation that may also confound results 

is challenging. Thus we chose to utilize the few small molecules that have been used in 

varied contexts to stimulate intracellular signaling cascades. Those relevant to the work in 

this thesis are discussed below. 

Ceramide 

 Ceramide is a sphingolipid, generated by metabolism of either sphingosine-1-

phosphate or sphingomyelin, which is found in cell membranes and is thought, 

predominantly, to provide structural support to lipid bilayers; however, it was discover that 

ceramide also acts as a signaling intermediate as well153,154. Because the endogenous form 

of ceramide is typically membrane embedded and difficult to probe, truncated, cell-

permeable analogs including C2 and C6 have been used to examine its signaling properties. 

Through mechanisms that are unclear, ceramide has been reported to activate ERK155,156 

as well as protein phosphatase 2A (PP2A)157, but has been reported to modulate Akt and 
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NFB signaling in certain cell types153. Little to no investigation of ceramide signaling in 

T cells has been pursued to date, but incubation of T cells with ceramide during activation 

decreases proliferation158. 

PMA and ionomycin 

 While PMA is most commonly used in combination with ionomycin to activate T 

cells in vitro, their independent signaling roles have been studied. PMA is a membrane 

permeable analog of DAG and thus induces the activation of PKC in T cells, eliciting 

NFB159 and ERK activation159,160. PMA has also been shown to activate guanylate cyclase 

via a Ca2+-dependent process161. Ionomycin is a Ca2+ ionophore acting to directly allow 

Ca2+ flux into the cytosol, inducing calmodulin-dependent signaling pathways; however, 

treatment of T cells with ionomycin also triggers PKC activation162. Thus, in combination, 

PMA and ionomycin act synergistically to activate the major modules of TCR signaling. 

 In the absence highly specific signaling activators or even physiological receptor 

ligands that elicit single pathway signaling, we elected to model signal 0 using PMA pre-

treatment, as it has been well studied. Thus, we can simulate a receptor-ligand interaction 

that selectively yields NFB and AP-1 activation prior to full engagement of the TCR 

signaling pathways. 

The next set of questions relates to choosing the methods and readouts. We decided 

to measure events close to the point of T cell activation initially, to get a better window 

into the immediate signaling and proximal functional consequences of signal 0 events. 

Future experiments to measure cytokine production would be necessary to fully explore 

how signal 3 is impacted. Importantly, cell culture assays utilized highly enriched 

populations T cell, using a pan-T cell enrichment strategy, in order to ensure we are 
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capturing a direct effect on T cell signaling rather than bystander effects from other cells 

in culture. We also relied on phospho-flow cytometric approaches to study intracellular 

signaling as it allows us to consider single cell effects and heterogeneity within the 

population. 

3.1.2. Chapter summary 

In this chapter, we investigated for the first time whether activation of a subset of 

TCR signaling pathways can alter the signaling events triggered by antigen recognition and 

the impact this has on the T cell activation process. We modeled a signal 0 event using 

brief exposure to PMA prior to activation, finding that early activation markers including 

CD69 and CD25 as well as T cell proliferation were enhanced in this context. We also 

revealed unique ERK phosphorylation kinetics following pre-treatment, suggesting that 

distinct pathway regulation is induced. Further, although we find that PMA pre-treatment 

(pre-Tx) does not alter in vivo proliferation or differentiation, cell recovery was decreased 

suggesting changes to T cell survival or migration. Lastly, we compare signal 0 effects 

between naïve and activated T cells showing that unique signal integration occurs 

depending on the prior activation state. In addition to these findings, this work allowed for 

the optimization of many assays used throughout the remaining chapters in which 

physiological signal 0 stimuli are considered. 

3.2. Results 

3.2.1. Transient exposure to PMA modulates subsequent T cell activation 

 To model the effects of selective TCR-pathway engagement on subsequent 

activation, we focused on PMA-induced signaling. Although PMA and ionomycin are 

typically used in combination, as discussed above, we chose to use PMA alone as a model 
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for partial stimulation of TCR signaling pathways. To assess the functional impact of brief 

exposure to PMA prior to full, TCR-mediated activation, we first considered the expression 

of the activation markers CD69 and CD44 in this paradigm. We used the 5C.C7 mouse 

model, in which TCR-Tg CD4+ T cells specific to pigeon (PCC) and moth cytochrome C 

(MCC) peptides, in order to examine a uniform population of T cells under multiple 

activation conditions. 5C.C7 T cells were treated with PMA for 15 min before washing the 

cells with fresh media and activated with anti-CD3ε and anti-CD28 antibodies. After 24 h 

in culture, both CD69 and CD44 showed increased expression, both by percent of cells 

positive for the markers and at an individual cell level measured by geometric mean 

fluorescence intensity (gMFI), following PMA pre-Tx across all doses of anti-CD3ε used 

(Fig. 3.1). Notably, CD69 and CD44 were induced by brief PMA exposure even without 

the addition of stimulating antibodies (Fig. 3.1 B-D).  
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Figure 3.1. Transient PMA exposure enhances early antibody-mediated T cell activation. 

Lymph nodes were isolated from 5C.C7 mice, treated with 50 ng/mL PMA or PBS for 15 min, and then 

stimulated using the indicated dose of anti-CD3ε and 2 g/mL anti-CD28. 24 hours later, cells were analyzed 

by flow cytometry. (A) Gating strategy for analyzing live 5C.C7 T cells. (B) Representative histograms for 

CD69 (left) and CD44 (right) expression among 5C.C7 T cells following the respective pre-stimulation 

treatment. (C-D) Quantification of expression in respective tables (far right). Summary quantification of 

technical replicates for CD69 (C) and CD44 (D) expression by percentage of cells positive (upper) and gMFI 

(lower).  

  

A 

B 
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 We next sought to examine the effects of PMA pre-Tx in the context of antigen-

mediated activation of T cells. Accordingly, T cells were treated with PMA, washed with 

fresh media, and then added to splenocytes from PCC-CD3-KO mice (Fig. 3.2) or CD3-

KO mice (Fig. 3.3). Both sources of APCs were supplemented with 1 M MCC or no MCC 

as control. Consistent with effects of PMA on antibody-mediated T cell activation (Fig. 

3.1), CD69 and CD44 showed increased expression by both %CD69+ and CD69+ gMFI 

under both antigen-mediated stimulation conditions (Fig. 3.2-3.3). While both APC 

sources showed similar CD69 and CD44 expression with the addition of MCC, T cells 

activated with PCC-expressing APCs showed strongly increased expression of CD69 and 

CD44 compared to non-PCC-expressing APCs when PMA was added to culture. However, 

even when the PCC antigen was present in the PCC-CD3e-/- mice, CD69 was not 

expressed without the addition of PMA or MCC. This suggests that PCC expression in the 

PCC-CD3- APCs only provided a minor, subthreshold level of stimulation that could be 

augmented by brief PMA pre-treatment of the T cells. In previous studies with these mice, 

it has been shown that the level of PCC expressed is relatively low for in vitro stimulation, 

but sufficient to activate naïve T cells in vivo140. Additionally, after 24 hr of stimulation, 

CD4 was downregulated in a dose-responsive manner by PMA pre-Tx (Fig. 3.2B,E; 

3.3B,E), consistent with prior literature163.   
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Figure 3.2. Transient PMA exposure enhances early antigen-mediated T cell activation. 

Lymph nodes were isolated from 5C.C7 mice, treated with indicated dose of PMA or PBS for 15 min, and 

then stimulated using the indicated dose of MCC combined with PCC-CD3-εKO splenocytes. 24 hours later, 

cells were analyzed by flow cytometry. (A) Gating strategy for analyzing live 5C.C7 T cells. (B) 

Representative histograms for CD69 (left), CD44 (middle), and CD4 (right) expression among 5C.C7 T cells 

following the indicated pre-stimulation treatment and activation condition. (C-E) Summary quantification of 

technical replicates for CD69 (C), CD44 (D), and CD4 (E) expression by percentage of cells positive (upper) 

and gMFI (lower).  

  

A 

B 

C D 

E 



71 

 

 

 

 
Figure 3.3. Effects of transient PMA exposure on early antigen-mediated T cell activation are 

replicated. 

Lymph nodes were isolated from 5C.C7 mice, treated with indicated dose of PMA or PBS for 15 min, and 

then stimulated using the indicated dose of MCC combined with CD3-εKO splenocytes. 24 hours later, cells 

were analyzed by flow cytometry. Cells gated as in Figure 3.2A. (A) Representative histograms for CD69 

(left), CD44 (middle), and CD4 (right) expression among 5C.C7 T cells following the indicated pre-

stimulation treatment and activation condition. (B-D) Summary quantification of technical replicates for 

CD69 (B), CD44 (C), and CD4 (D) expression by percentage of cells positive (upper) and gMFI (lower).  
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 We next used this same antigen-mediated T cell activation scheme to determine the 

effects of PMA pre-Tx on other activation metrics, including proliferation, surface marker 

expression, and IL-2 production. 5C.C7 T cells were loaded with either CFSE (Fig. 3.4) or 

CTV (Fig. 3.5), treated with PMA, and activated with PCC-CD3-KO (Fig. 3.4) or CD3-

KO APCs (Fig. 3.5) as before. After 72 hr of culture, expression of CD44 and CD25 were 

increased among T cells that were pre-treated with PMA compared to PBS, under both 

stimulation conditions (Fig. 3.4B-5; 3.5A-B). As in the earlier time point, PCC-expressing 

APC induced stronger expression of these markers than non-PCC-expressing APC in the 

presence of PMA pre-Tx. Consistent with activation marker expression, PMA pre-Tx 

showed a dose-dependent increase in T cell proliferation as measured by CFSE or CTV 

dilution (Fig. 3.4D; 3.5C). Further, in the presence of PMA, T cells could be induced to 

proliferate when activated by PCC-expressing APC even in the absence of MCC 

supplementation (Fig. 3.4D). Consistent with the increased activation, T cells also showed 

a dose-dependent increase in the amount of IL-2 production they secreted, with PMA pre-

Tx, as measured by ELISA of recovered supernatant after 72 hr of culture (Fig. 3.4E). 

Collectively, these experiments reveal that even brief induction of PKC by PMA prior to 

full, TCR-mediated stimulation, enhances T cell activation, as measured by several metrics.  
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Figure 3.4. Transient PMA exposure enhances T cell proliferation and IL-2 production. 

Lymph nodes were isolated from 5C.C7 mice, loaded with CFSE, treated with indicated dose of PMA or 

PBS for 15 min, and then stimulated using 0 or 1 M MCC combined with PCC-CD3ε-KO splenocytes. 72 

hours later, culture supernatants were collected and cells were analyzed by flow cytometry. (A) Gating 

strategy for analyzing live 5C.C7 T cells. (B) Representative histograms for CD44 (left) and CD25 (right) 

expression among 5C.C7 T cells following the indicated pre-stimulation treatment and activation condition. 

(C) Summary quantification of technical replicates for CD25 (upper) and CD44 (lower) expression by 

percentage of cells positive.  

A 
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Figure 3.4. Transient PMA exposure enhances T cell proliferation and IL-2 production (cont.). 

Lymph nodes were isolated from 5C.C7 mice, loaded with CFSE, treated with indicated dose of PMA or 

PBS for 15 min, and then stimulated using 0 or 1 M MCC combined with PCC-CD3ε-KO splenocytes. 72 

hours later, culture supernatants were collected and cells were analyzed by flow cytometry. (D) Histograms 

of CFSE dilution among 5C.C7 cells with indicated pre-stimulation treatment and activation conditions. Gate 

indicates the undivided population. Adjacent histograms of the same color constitute technical replicates. (E) 

IL-2 concentration in culture supernatant as measured by ELISA. Concentration represented by measured 

optical density. 

D E 
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Figure 3.5. Effects of transient PMA exposure on T cell proliferation are replicated. 

Lymph nodes were isolated from 5C.C7 mice, loaded with CFSE, treated with indicated dose of PMA or 

PBS for 15 min, and then stimulated using 0 or 1 M MCC combined with CD3ε-KO splenocytes. 72 hours 

later, cells were analyzed by flow cytometry. Cells gated as in Figure 3.4A. (A) Representative histograms 

for CD44 (left) and CD25 (right) expression among 5C.C7 T cells following the indicated pre-stimulation 

treatment and activation condition. (B) Summary quantification of technical replicates for CD25 (upper) and 

CD44 (lower) expression by percentage of cells positive. (C) Histograms of CFSE dilution among 5C.C7 

cells with indicated pre-stimulation treatment and activation conditions. Gate indicates the undivided 

population. Adjacent histograms of the same color constitute technical replicates. 
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3.2.2. PMA induces unique ERK phosphorylation kinetics 

 Having established that a brief pre-exposure to PMA pre-Tx functionally increases 

T cell activation, we next sought to understand the changes in signaling that underlie these 

effects. The assumption underlying these experiments (from the signal 0 framework) was 

that ‘tickling’ of the small arm of the TCR signaling network selectively augments that 

pathway to make the T cell more sensitive to subsequent stimulation. Noting that PMA 

treatment enhances CD69 expression (Fig. 3.1-3.3), we focused on the activity of ERK as 

it is both known to be induced by PKC signaling in T cells160,164,165 and that CD69 

expression is dependent on ERK-mediated activation of AP-1101,102. As such, we used 

phospho-flow cytometry to examine the kinetics of ERK phosphorylation within PMA-

treated 5C.C7 cells (Fig. 3.6-3.7). Within 5 min of PMA exposure, T cells showed strong 

phosphorylation of ERK (p44/42 MAPK T202/Y204) which began to diminish at around 

90 min of treatment (Fig. 3.6B). Additionally, total ERK remains constant through 2 hr of 

PMA treatment (Fig. 3.6C), indicating that the eventual decrease in measured pERK at >90 

min. This is likely due to diminishing signaling induction instead of protein degradation, 

though experiments with proteasome inhibition would be necessary to definitively rule this 

explanation out. 
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Figure 3.6. PMA activates ERK signaling in 5C.C7 cells. 

Lymph nodes were isolated from 5C.C7 mice and cells were treated with 50 ng/mL PMA at 37C for the 

indicated times before fixation with 1.5% PFA. Cell membranes were permeabilized with MeOH and 

rehydrated with FACS buffer before being stained overnight with antibodies in preparation for flow 

cytometry. (A) Gating strategy used for analyzing cells. (B-C) Representative histograms of pERK 

(T202/Y204) (B) and total ERK (C) expression for up to 120 min of PMA treatment. 

  

A 
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We next sought to compare PMA-induced ERK phosphorylation to that induced by 

the TCR-associated signaling complex using an antibody targeting the CD3 protein. 

5C.C7 T cells were stained with biotinylated-anti-CD3 as well as anti-CD4 and then treated 

with streptavidin to induce crosslinking of both CD3 and CD4 at time 0 of the analysis. 

Stimulated cells were fixed to stop the reaction at various times and the levels of phospho-

ERK measured as discussed in the methods. Interestingly, we found that PMA treatment 

typically results in maximal ERK phosphorylation with a slower kinetics than anti-CD3 

stimulation. In the case of PMA stimulated cells, ERK phosphorylation was first apparent 

after 5 min of treatment, and it peaked quickly to remain sustained for >60 min (Fig. 

3.7B,D). In contrast, antibody-induced ERK phosphorylation can be seen within 1 min of 

stimulation but diminishes by 15 min of stimulation (Fig. 3.7C-D). Additionally, the 

fraction of 5C.C7 cells which phosphorylated ERK after stimulation with CD3/CD4-

crosslinking was consistently lower than those stimulated with PMA. The amount of 

pERK, as measured by the peak gMFI of pERK in the antibody-stimulated cells was also 

~5 fold lower than that of PMA-induced pERK. Taken together, these data suggest that 

chemical activation of TCR signaling via PMA follows a distinct kinetics that those 

induced via the TCR, even though the former was eventually stronger in activating this 

particular MAPK pathway in a greater proportion of T cells to a greater extent.  
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Figure 3.7. PMA-induced ERK phosphorylation follows distinct kinetics from TCR-mediated pERK 

signaling. 

Lymph nodes were isolated from 5C.C7 mice and cells were stained with 10 g/mL biotinylated-anti-CD3 

and anti-CD4 or left unstained. Unstained cells were treated with 50 ng/mL PMA while stained cells were 

treated with 5 g/mL streptavidin. All treatments occurred at 37C for the indicated times before fixation 

with 1.5% PFA. Cell membranes were permeabilized with MeOH and rehydrated with FACS buffer before 

being stained overnight with antibodies in preparation for flow cytometry. (A) Gating strategy used for 

analyzing cells. (B-C) Representative histograms of pERK (T202/Y204) expression by PMA-treated (B) and 

antibody-crosslinked (C) cells for up to 60 min of treatment. (D) The gMFI of pERK among pERK+ cells 

plotted as the percentage of the maximum gMFI reached by each treatment group. 
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3.2.3. PMA and direct TCR-complex signaling recruit different kinds of negative 

feedback 

 The activity of ERK in T cells is tightly regulated by many processes.  Several 

molecules acting to dampen ERK signaling are known, including the phosphatases SHP-

1166,167 and DUSP6168-170 as well as the E3-ubiquitin ligase cbl-b171-173. Each of these are 

involved in turning off ERK activation using different mechanisms. Given the rapid loss 

or phospho-ERK in the antibody-stimulated T cells (Fig. 3.7C) vs the PMA-stimulated 

ones (Fig. 3.7B), we examined if these negative regulators are involved differentially 

between these two triggers. We hypothesized that TCR-mediated ERK activation is 

necessary for the induction of these negative regulation mechanisms, such that PMA 

treatment concurrent with TCR-mediated activation would exhibit rapidly attenuated ERK 

signal. Surprisingly, when both stimuli are concurrently used to activate T cells, ERK 

phosphorylation occurs rapidly within 1 min of stimulation and more strongly than 

antibody-mediated induction alone (Fig. 3.8). Further, ERK remains uniformly highly 

phosphorylated for at least 60 min (Fig. 3.8), indicating that PMA-induced ERK signaling 

is not attenuated by TCR-induced negative regulation.  
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Figure 3.8. PMA-induced ERK kinetics dominate TCR-mediated kinetics. 

Lymph nodes were isolated from 5C.C7 mice and cells were stained with 10 g/mL biotinylated-anti-CD3 

and anti-CD4. Cells were treated with 5 g/mL streptavidin and 50 ng/mL PMA for the indicated times at 

37C before fixation with 1.5% PFA. Cell membranes were permeabilized with MeOH and rehydrated with 

FACS buffer before being stained overnight with antibodies in preparation for flow cytometry. Cells gated 

as in Figure 3.7A. Representative histograms of pERK (T202/Y204) expression by cells for up to 60 min of 

treatment are shown. 
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 We next sought to determine if these findings generalize to a polyclonal population 

of T cells beyond a TCR-Tg system. Lymphocytes from B6 mice were stimulated with 

PMA, anti-CD3/CD4 crosslinking, or both stimulation conditions and pERK was measured 

by phospho-flow cytometry (Fig. 3.9). As in the case of TCR-Tg 5C.C7 cells, in both 

polyclonal CD4 and CD8 T cells, PMA treatment yielded strong ERK phosphorylation 

within 5 min of treatment that was sustained for >60 min (Fig. 3.9B-C). The kinetics of 

antibody-mediated ERK signaling were also virtually identical between 5C.C7 and 

polyclonal CD4 T cells, while CD8 T cells did not show ERK phosphorylation under these 

conditions, likely due to the absence of anti-CD8 crosslinking. Additionally, when 

polyclonal CD4 T cells were both treated with PMA and underwent TCR-crosslinking, 

ERK remained strongly phosphorylated for 60 min, indicating that PMA-induced ERK 

phosphorylation kinetics dominate within polyclonal T cells as well as 5C.C7 cells. Finally, 

as in 5C.C7 cells, total ERK expression remained constant for >60 min under all 3 

stimulation conditions within CD4 and CD8 T cells (Fig. 3.9B-C). These data suggest that 

PMA-induced ERK phosphorylation is not subject to the negative regulatory pathways 

responsible for ending TCR signals.  
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Figure 3.9. Polyclonal T cells also show distinct kinetics between PMA-induced and TCR-mediated 

pERK. 

Lymph nodes were isolated from B6 mice and cells were stained with 10 g/mL biotinylated-anti-CD3 and 

anti-CD4 or left unstained. Unstained cells were treated with 50 ng/mL PMA (“PMA”, red) while stained 

cells were treated with 5 g/mL streptavidin, with (“-CD3/CD4 + PMA”, purple) or without (“-

CD3/CD4”, blue) 50 ng/mL PMA. All treatments occurred at 37C for the indicated times before fixation 

with 1.5% PFA. Cell membranes were permeabilized with MeOH and rehydrated with FACS buffer before 

being stained overnight with antibodies in preparation for flow cytometry. (A) Gating strategy used for 

analyzing cells. (B-C) Representative histograms of pERK (T202/Y204) (left) and total ERK (right) 

expression by CD4+ (B) and CD8+ (C) for up to 60 min of treatment. 
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 Because TCR-CD3 complexes are downregulated and degraded following 

activation174,175, we sought to determine if the observed attenuation in ERK 

phosphorylation following TCR-crosslinking is due to a reduction in available TCR-CD3 

complexes that can be crosslinked and initiate signaling. 5C.C7 TCRs were crosslinked 

using biotinylated-anti-CD3 and anti-CD4 and streptavidin as above and then surface 

expression of CD3ε and TCR were measured by flow cytometry (Fig. 3.10). Although 

there is a minor decrease in the signal intensity between the unstimulated and stimulated 

cells for both CD3ε and TCR, there is no further decrease in expression of TCR 

complexes with increased stimulation time, suggesting that CD3 downregulation cannot 

explain the attenuation of ERK signaling following TCR-crosslinking. Further, the 

difference between the staining intensity of unstimulated and stimulated cells is likely 

technical, as these cells were not stained with biotinylated antibodies to ensure that there 

is no signal induction in the “unstimulated” sample. It is possible that access to CD3ε and 

TCR by the fluorescently labeled antibodies was sterically hindered by the previously 

bound biotinylated antibodies.  
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Figure 3.10. CD3 is not downregulated by anti-CD3/CD4 stimulation. 

Lymph nodes were isolated from 5C.C7-Foxp3-GFP mice and cells were stained with 10 g/mL biotinylated-

anti-CD3 and anti-CD4. Cells were treated with 5 g/mL streptavidin for the indicated times at 37C before 

transfer to an ice bath. Cells were stained with antibodies for flow cytometry analysis. Representative 

histograms of TCR (left) and CD3ε (right) expression by 5C.C7 cells for up to 30 min of treatment. 
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 We next sought to further examine the differences in negative feedback induction 

by PMA and TCR-crosslinking by comparing the phosphorylation of ERK following a 

secondary stimulation. We hypothesized that antibody-mediated stimulation would induce 

negative feedback on ERK signaling such that a second round of TCR-crosslinking would 

show no pERK, while PMA treatment would not inhibit subsequent ERK phosphorylation 

triggered by TCR-crosslinking. As such, 5C.C7 cells were treated with PMA for 30 or 120 

min or underwent anti-CD3 and anti-CD4 crosslinking, as above, for 30 min, then all 

treatments were subjected to secondary stimulation with antibody crosslinking. ERK 

phosphorylation, as well as that of TCR-signaling molecules SLP-76 and Zap70 were 

examined by phospho-flow cytometry (Fig. 3.11). Additionally, primary PMA and 

antibody treatments were used as controls. 

 As predicted, primary stimulation with antibodies resulted in robust negative 

regulation on signaling as no ERK phosphorylation was observed at any time point 

following secondary stimulation (Fig. 3.11B). Further, both SLP-76 and Zap70 also 

showed impaired phosphorylation (Fig. 3.11C-D), indicating that the negative regulation 

induced by prior antibody-mediated stimulation most likely acts immediately proximal to 

the TCR as shown in previous studies167. Conversely, prior treatment with PMA resulted 

in enhanced ERK phosphorylation following secondary stimulation with antibody-

crosslinking (Fig. 3.11B). Both 30 and 120 min incubations resulted in increased pERK 

observed at baseline, though the 30 min treatment showed approximately 10-fold increased 

pERK gMFI compared to 120 min suggesting that some form of negative regulation on 

ERK signaling is imposed by the later time point (Fig. 3.11B). This is supported by the 

observation that, although 1-10 min antibody-mediated stimulations resulted in increased 
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pERK expression compared to baseline, 120 min PMA treatment reached a peak intensity 

approximately 2-fold lower than that of the 30-min treatment group; however, both PMA 

treatment lengths resulted in enhanced ERK phosphorylation compared to primary TCR-

crosslinking (Fig. 3.11B). This suggests that the augmented T cell activation observed 

following PMA pre-Tx (Fig. 3.1-3.5) is likely due to increased ERK phosphorylation. 

Importantly, SLP-76 and Zap70 phosphorylation remain unchanged following PMA pre-

Tx (Fig. 3.11C-D), indicating that PMA synergizes with TCR-signaling downstream of 

these signaling nodes, likely at the level of PKC. Therefore, the mechanisms induced by 

TCR-mediated activation must predominantly act on TCR-proximal signals.  
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Figure 3.11. Transient PMA exposure augments subsequent TCR-mediated ERK phosphorylation 

kinetics. 

Lymph nodes were isolated from 5C.C7 mice and cells were stained with 10 g/mL biotinylated-anti-CD3 

and anti-CD4 or left unstained. Unstained cells were treated with 50 ng/mL PMA for either 30 or 120 min 

(or left untreated on ice), while stained cells were treated with 5 g/mL streptavidin for 30 min at 37C, 

constituting a “1 stimulation.” Treated cells as well as a group of previously untreated cells were then labeled 

with antibodies as above. These cells were then treated with streptavidin as above for the indicated times 

before fixation with 1.5% PFA. An additional group of previously untreated cells were stimulated with 50 

ng/mL PMA for the indicated times before fixation. Cell membranes were permeabilized with MeOH and 

rehydrated with FACS buffer before being stained overnight with antibodies in preparation for flow 

cytometry. (A) Gating strategy used for analyzing cells. (B-D) Representative histograms of pERK (B), 

pSLP-76 (C), and pZap70 (D) expression by cells for up to 10 min of 2 treatment. 
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3.2.4. Mechanism for differential ERK activation is not clear 

 One explanation for the lack of apparent negative regulation of PMA-induced ERK 

phosphorylation by negative-regulatory processes activated by the anti-CD3 treatment, 

could be that the former is not accessible to the latter. This could be because there are 

distinct intracellular pools of ERK in cells. PMA would be acting to induce a different pool 

of ERK than the pool that is subject to TCR-mediated negative regulation. The 

compartmentalization of ERK signaling has been well studied in several cell lines and 

primary epithelial tissues, establishing that ERK can be activated at many membrane 

locations including the plasma membrane, early and late endosomes, the endoplasmic 

reticulum-Golgi intermediate compartment (ERGIC), and mitochondrial membranes as 

well as at sites of cytoskeletal arrangement and in the cytosol176-178. The utilization of 

different scaffolding proteins localized to the various membranes that act to aggregate Raf, 

MEK, and ERK and propagate signaling underlie the intracellular compartmentalization of 

ERK. This phenomenon has not been investigated thoroughly within T cells, however 

thymocytes exhibit differential pERK localization and kinetics, such that high affinity, 

negative selecting ligands evoke rapid, plasma membrane localized ERK phosphorylation, 

while low affinity, positive selecting ligands show delayed ERK phosphorylation localized 

to the Golgi179,180. 

 Based on the difference in ERK phosphorylation kinetics, we hypothesized that 

antibody-mediated ERK phosphorylation would resemble a high affinity ligand and occur 

at the plasma membrane, while PMA-induced pERK, which is delayed but sustained, 

would be show Golgi localization. 5C.C7 T cells were activated using antibodies, PMA, or 

concurrent stimulation and then stained and prepared for fluorescence imaging, using anti-
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GM130 to mark the Golgi membrane (Fig. 3.12). While this experiment does not 

definitively support or refute the hypothesis, it does appear that pERK and GM130 

fluorescence shows the greatest overlap following PMA stimulation alone (Fig. 3.12). An 

improved staining and imaging scheme including confocal microscopy may be necessary 

to resolve localization differences. Additionally, comparing different stimulation lengths 

will likely be necessary to fully appreciate the potentially complex pERK localization 

within the anti-CD3/CD4 and PMA stimulation condition, as a 5 min time point would be 

predicted to exhibit mixed pERK localization (Fig. 3.7-3.9).  
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Figure 3.12. PMA- and TCR-induced ERK phosphorylation may show differential localization. 

Lymph nodes were isolated from 5C.C7 mice and cells were stained with 10 g/mL biotinylated-anti-CD3 

and anti-CD4 or left unstained. Unstained cells were treated with 50 ng/mL PMA (“PMA”), while stained 

cells were treated with 5 g/mL streptavidin, with (“-CD3/CD4 + PMA”) or without (“-CD3/CD4”) 50 

ng/mL PMA. All treatments occurred at 37C for 5 min before fixation with 1.5% PFA. Cell membranes 

were permeabilized with MeOH and rehydrated with FACS buffer before being stained overnight with 

primary antibodies: AF488-anti-pERK and mouse-anti-GM130. The cells were washed the next day and 

stained with Cy3-donkey-anti-mouse IgG secondary antibodies. After additional washing, cells were adhered 

to glass slides using cytocentrifugation. Representative images of the three treatment conditions are shown, 

with pERK in green and GM130 in red. All images were taken using the 100x objective. 
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3.2.5. PMA exposure may decrease T cell survival in vivo  

 We next sought to study the functional impact of PMA pre-Tx on T cell activation 

and differentiation in vivo. 5C.C7 T cells were collected, loaded with either CFSE or CTV, 

treated with PMA for 30 min at 37C, and then transferred via retro-orbital injection to 

B10.A mice expressing both CD45.1 and CD45.2 (B10.A 1x2). Animals then immediately 

received i.p. injection of MCC peptide and LPS to activate the transferred 5C.C7 cells. 

After 4 days, 5C.C7 T cells treated with PMA showed decrease recovery from secondary 

lymphoid organs (Fig. 3.13; 2.31-fold; p=0.0551). The decrease in cell recovery is not due 

to differences in proliferation as both treatment groups showed identical patterns of 

proliferation at 4 days of stimulation (Fig. 3.14D, 3.15D; data from replicate experiments). 

The difference in recovery may be due to increased expression of CD69 following PMA 

treatment (Fig. 3.1-3.3) resulting in altered T cell circulation between blood and 

lymphatics. Although, it may be predicted that increased CD69 would lead to increased 

retention in SLO103,105, it is possible that CD69 expression is accelerated by PMA treatment 

such that it is also downregulated earlier following than non-treated T cells interfering with 

the normal kinetics of T cell proliferation within the SLO. 

 In addition to no observed differences in proliferation, PMA- and PBS-treated 

5C.C7 cells showed no significant difference in T-bet or RORt expression across two 

experiments (Fig. 3.14B-C; Fig 3.15B-C). Further, upon ex vivo restimulation of recovered 

5C.C7 T cells with MCC, we observed no significant differences in IFN, IL-4, or IL-17A 

secretion as measured by ELISA analysis of recovered supernatant (Fig. 3.14E-G; 3.15E). 

These findings suggest that PMA treatment does not alter the differentiation of CD4 T cells 

in vivo.  
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Figure 3.13. Transient PMA exposure alters T cell survival in vivo. 

Lymph nodes were isolated from 5C.C7-Foxp3-GFP mice, loaded with CTV, treated with 50 ng/mL PMA 

or PBS for 30 min at 37C. Cells were washed, resuspended in PBS, and 100,000 cells were transferred to 

B10.A 1x2 mice (N=3) by retro-orbital injection. Animals then immediately received 1 g LPS and 30 g 

MCC peptide in PBS via i.p. injection. 4 days after transfer, LN and spleens from animals were collected for 

flow cytometry. (A) Gating strategy for analyzing transferred 5C.C7 cell population. (B) Total cell numbers 

of recovered 5C.C7 T cells at day 4 post transfer. Displayed as mean ± SD. Groups compared using Student’s 

T-test. 
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Figure 3.14. Transient PMA exposure does not alter in vivo T cell proliferation of differentiation. 

T cells were prepared for flow cytometry after 4 d of in vivo activation as described in Figure 3.13. Cell 

samples from each animal were restimulated ex vivo using 1 M MCC peptide and supernatants were 

collected 48 hr later for ELISA. (A) Gating strategy for analyzing transferred 5C.C7 cell population. (B-C) 

Histograms displaying T-bet (B) and RORγt (C) expression by PBS- (“PBS”, blue) and PMA-treated 

(“PMA”, red) 5C.C7 T cells. Average gMFI displayed in lower panels, respectively. (D) Histograms 

displaying CFSE dilution among PBS- and PMA-treated 5C.C7 cells. In all histograms, biological replicates 

are displayed. 
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Figure 3.14. Transient PMA exposure does not alter in vivo T cell proliferation of differentiation (cont.) 

T cells were prepared for flow cytometry after 4 d of in vivo activation as described in Figure 3.13. Cell 

samples from each animal were restimulated ex vivo using 1 M MCC peptide and supernatants were 

collected 48 hr later for ELISA. (E-G) IFNγ (E), IL-4 (F), and IL-17A (G) concentration in supernatants of 

PBS- and PMA-treated cells. Concentration represented by measured optical density. 
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Figure 3.15. Lack of effect of PMA treatment of T cell proliferation and differentiation is repeated. 

T cells were prepared for flow cytometry after 4 d of in vivo activation as described in Figure 3.13, except 

5C.C7-Foxp3-GFP cells were used and CTV was used in place of CFSE. Cell samples from each animal 

were restimulated ex vivo using 1 M MCC peptide and supernatants were collected 48 hr later for ELISA. 

(A) Gating strategy for analyzing transferred 5C.C7 cell population. (B-C) Histograms displaying T-bet (B) 

and RORγt (C) expression by PBS- (“PBS”, blue) and PMA-treated (“PMA”, red) 5C.C7 T cells. Average 

gMFI displayed in lower panels, respectively. (D) Histograms displaying CFSE dilution among PBS- and 

PMA-treated 5C.C7 cells. In all histograms, biological replicates are displayed. (E) IFNγ concentration in 

supernatants of PBS- and PMA-treated cells, represented by measured optical density. 
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3.2.6. Ceramide (C6) does not induce ERK phosphorylation in our hands 

 As discussed in the introduction to this chapter, there is a paucity of reagents to 

directly activate individual signaling pathways in T cells. So, we attempted to expand our 

studies using PMA by using an ERK-specific small molecule activator. C6 had been 

reported as being a relatively specific ERK activator, with minimal off-target effects 

including induction of protein phosphatase 2A (PP2A)155,156. Accordingly, we first sought 

to measure CD69 expression among polyclonal T cells from B6 mice following 30 min 

pre-Tx with C6 and 24 hr stimulation with anti-CD3 and anti-CD28. We observed no 

change in CD69 expression as measured by percentage of cells positive for CD69 or gMFI 

of CD69 among CD69+ cells (Fig. 3.16).  
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Figure 3.16. C6 exposure does not alter CD68 expression in B6 T cells. 

Lymph nodes and spleens from 3 B6 mice were collected and pooled. Live, mononuclear cells were separated 

using ficoll density centrifugation. T cells were enriched using 2 rounds of magnetic, negative selection, first 

with Dynabeads then with Miltenyi AutoMACS. In both rounds of selection, antibodies targeting CD11b, 

B220, NK1.1, and MHCII were used to enrich for T cells. Enriched T cells were then treated with the 

indicated doses of C6 or PBS for 30 min before washing and incubation with anti-CD3ε (1 g/mL, plate-

bound) and anti-CD28 (2 g/mL, soluble). After 24 hr of stimulation, T cells were prepared for flow 

cytometry. (A) Representative histogram of CD69 expression by CD4+ T cells. (B) Percentage of CD4+ T 

cells positive for CD69 (left) and gMFI of CD69+ CD4+ T cells (right). Data includes 3 independent 

experiments, each normalized to the PBS treated group within the experiment. Displayed as mean ± SD. 
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 We next sought to characterize the induction of ERK phosphorylation by C6 in our 

model systems. First, CD4 T cells from C57BL/6 mice were stimulated with increasing 

doses of C6, DMSO, or plate-bound anti-CD3 for 5 to 30 min, and then lysed for western 

blot analysis (Fig. 3.17A-E, replicate blots from same experiment). Although pERK could 

be detected by western blot, C6 treated samples do not show an increase in ERK 

phosphorylation over DMSO control (Fig. 3.17A,C,E). 

 We alternatively used phospho-flow cytometry to examine ERK phosphorylation 

following C6 treatment of 5C.C7 cells (Fig. 3.17F). Again, pERK signal could not be 

detected above baseline for up to 30 min of stimulation using a high dose of C6. One 

explanation for the lack of pERK induction in our T cell systems could be that the dose or 

timing of C6 treatment is insufficient to elicit an observable response. One prior study156 

observed ERK phosphorylation within 30 s of treatment but the effect tapered off by 2 min 

of treatment. Another study155 observed ERK phosphorylation following 24 hr culture with 

C6. Both studies, however, used doses of 5 or 10 M C6, suggesting that the dose range 

used in our experiments would likely elicit an effect. Another explanation is that C6 is not 

effective in primary T cells, as these studies examined effects in leukemia (HL-60) and 

hepatocyte carcinoma (HepG2) cell lines.   



100 

 

 

 

 
Figure 3.17. C6 does not induce ERK phosphorylation. 

(A-E) Lymph nodes and spleens from 2 B6 mice were collected and pooled. CD4+ T cells were enriched for 

using the SCT EasySep mouse CD4+ T cell isolation kit. Cells were then stimulated with anti-CD3ε (10 

g/mL, plate-bound), the indicated dose of C6, or DMSO for 5, 10, 15, or 30 min (“T5” through “T30,” 

respectively) at 37C. Cells were then flash frozen in liquid N2 for 5 min before thawing and applying 2x 

lysis buffer. Lysates were then prepared for western blot. (A) Western blot analysis of anti-CD3ε treated cells 

and C6 treated samples for 15 min using anti-pERK (T202/Y204) primary antibody. (B) Densitometry of 

panel A quantified using ImageJ. (C) All samples were analyzed using anti-pERK primary antibody before 

stripping and reblotting for total ERK (D). 
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Figure 3.17. C6 does not induce ERK phosphorylation (cont.). 

(A-E) Lymph nodes and spleens from 2 B6 mice were collected and pooled. CD4+ T cells were enriched for 

using the SCT EasySep mouse CD4+ T cell isolation kit. Cells were then stimulated with anti-CD3ε (10 

g/mL, plate-bound), the indicated dose of C6, or DMSO for 5, 10, 15, or 30 min (“T5” through “T30,” 

respectively) at 37C. Cells were then flash frozen in liquid N2 for 5 min before thawing and applying 2x 

lysis buffer. Lysates were then prepared for western blot. (E) Replicate of panel C. (F) Lymph nodes were 

isolated from 5C.C7 mice and cells were treated with 100 M C6 for the indicated times or 50 ng/mL PMA 

for 5 min. All treatments occurred at 37C before fixation with 1.5% PFA. Cell membranes were 

permeabilized with MeOH and rehydrated with FACS buffer before being stained overnight with antibodies 

in preparation for flow cytometry. Representative histograms of pERK expression are shown. 
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3.2.7. Early TCR signaling is modulated by prior antigen encounter 

 After examining how brief, transient alterations of TCR-signaling bias subsequent 

T cell activation, we were interested in how more remote or long-term signaling impacts 

subsequent activation events. As such, we used an in vivo activation scheme modeling 

acute activation by adoptive transfer of 5C.C7 T cells to either T cell-depleted (Fig. 3.18) 

or T cell replete (Fig. 3.19) host animals, followed by i.p. injection of MCC peptide and 

LPS. In parallel, we modeled a chronic stimulation paradigm by adoptively transferring 

5C.C7 T cells to animals that constitutively express PCC under the control of the MHCI 

promoter (T cell deplete host: PCC-CD3-KO, Fig. 3.18; T cell replete host: PCC-B10.A 

1x2, Fig 3.19). We could then compare the early signaling events following ex vivo PMA, 

TCR-crosslinking, or combination stimulation between these groups as well as naïve 

5C.C7 cells. 

 In T cell deplete hosts (Fig. 3.18), PMA treatment induced strong ERK 

phosphorylation across all 3 in vivo activation states (Fig. 3.18B); however, both acutely 

and chronically activated cells showed diminished pERK signal at 1 min compared to naïve 

cells, suggesting slightly delayed signaling in these populations (Fig. 3.18B, purple and 

blue). Additionally, while naïve and acutely activated T cells showed >90% pERK 

positivity at peak signaling, the chronically activated T cells only reached 75% pERK+, 

suggesting some inhibition of PMA-induced ERK phosphorylation unique to this 

activation state (Fig. 3.18B). Further, PMA treatment did not yield phosphorylation of 

SLP-76 or Zap70 over the baseline state, as expected, but both acutely and chronically 

activated T cells showed increased baseline phosphorylation of both molecules (Fig. 3.18B, 

middle and right columns). Interestingly, among the chronically activated population, 2 
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populations of cells, ~50% each at baseline, could be observed, one expressing pZap70 and 

pSLP-76, while the other was negative for both markers (Fig. 5.18B, purple). Although 

increased expression of phosphorylated Zap70 has been observed by western blot analysis 

following chronic activation, this technique would not allow for the observation of these 

two discrete populations. 

 All three populations of T cells stimulated ex vivo by antibody-crosslinking showed 

rapid SLP-76 and Zap70 phosphorylation that returned to baseline between 10 and 30 min 

of stimulation (Fig. 5.18C). Among chronically activated cells, while peak Zap70 

phosphorylation occurred after 1 min, only 82% of cells were positive, suggesting that a 

portion of these T cells are refractory to TCR signaling (Fig. 5.18C, purple, right column). 

Most strikingly, both the acutely and chronically activated T cells showed no ERK 

phosphorylation following antibody-mediated stimulation, while naïve cells showed robust 

phosphorylation peaking at 3 min and diminishing after 10 min of stimulation (Fig. 5.18C, 

left column). 

 T cells stimulated with both antibodies and PMA showed ERK phosphorylation 

kinetics virtually identical to that of PMA alone, with slightly increased pERK signal at 1 

min across all 3 groups, while SLP-76 and Zap70 phosphorylation kinetics followed that 

of anti-CD3 and anti-CD4 alone (Fig. 5.18D). These data suggest that, as in naïve cells, in 

acutely and chronically activated T cells PMA-induced ERK signaling kinetics dominate 

pERK expression in the context of combined stimulation, though it may have been 

predicted that activated T cells would induce different negative feedback mechanisms than 

naïve cells, potentially resulting in attenuated effects of PMA.  
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Figure 3.18. Acutely and chronically activated T cells show distinct TCR-mediated signaling patterns 

from naïve T cells. 

Lymph nodes from 5C.C7 mice were collected, washed, and prepared for adoptive transfer. An “acute” 

activation state was achieved by transferring 1 million naïve 5C.C7 T cells were to CD3ε-KO mice by retro-

orbital injection, which then received 0.5 g LPS and 30 g MCC peptide by i.p. injection 6 hr after transfer. 

A “chronic” activation state was achieved by transferring 1 million naïve 5C.C7 T cells to PCC-CD3ε-KO 

mice by retro-orbital injection. After 12 d, LN were collected from these mice as well as a naïve 5C.C7 mouse 

(“Naïve”) and prepared for ex vivo stimulation and intracellular phospho-flow cytometry as in Figure 3.9. 

(A) Representative gating strategy for identifying and analyzing recovered 5C.C7 T cells. (B-D, next page) 

Representative histograms of pERK, pSLP-76, and pZap70 expression by cells for up to 30 min of ex vivo 

PMA-treatment (B), anti-CD3 and anti-CD4 stimulation (C), or PMA and antibody stimulation (D). Naïve 

(red), acute (blue), and chronic (purple) in vivo activation as indicated. 
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 Although recovery of 5C.C7 T cells was greatly diminished in our experiments 

using T cell-replete hosts (Fig. 3.19), the trends described for the T cell deplete host were 

largely replicated. ERK phosphorylation was greatly diminished among acutely and 

chronically activated T cells stimulated ex vivo with anti-CD3 and anti-CD4. Additionally, 

chronically activated cells showed increased baseline pSLP-76 (Fig. 3.19B) and pZap70 

(Fig. 3.19C), with a fraction of cells remaining negative for each despite antibody-mediated 

stimulation.  

Lastly, the T cell-replete hosts allowed for the examination of an internal control 

group of host-derived, V3+ T cells (“Endogenous V3+ cells”). In response to PMA or 

antibody stimulation, this population showed phosphorylation kinetics most closely 

resembling the naïve 5C.C7 T cells, consistent with the fact that these have been largely 

un-manipulated and should reflect a naïve T cell state (Fig. 5.19B-C, right columns). 

However, as ex vivo PMA-treated endogenous cells show increased ERK phosphorylation 

at 1 min compared to naïve 5C.C7, more closely resembling the respective acutely 

activated 5C.C7 sample, it is possible that a subpopulation of endogenous V3+ cells had 

been previously activated. This is bolstered by the observation that endogenous cells shoe 

a population of pERK- T cells following TCR-crosslinking, again resembling the 

respective acutely activated 5C.C7 population. Activation of these endogenous cells could 

be from the MCC and LPS injection, as it would be predicted that a small precursor 

frequency of MCC specific, V3+ cells would be present in a polyclonal population. 

Alternatively, unmanipulated wild type animals show a small population of CD44hi, 

antigen-experienced T cells, possibly due to encounter with the microbiome. These cells 
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may underlie the observed differences in early signaling between the endogenous V3+ 

and transferred 5C.C7 populations.  
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Figure 3.19. Distinct TCR-mediated signaling patterns of acutely and chronically activated T cells 

apparent in T cell replete hosts. 

Lymph nodes from 5C.C7 mice were collected, washed, and prepared for adoptive transfer. An “acute” 

activation state was achieved by transferring 100,000 naïve 5C.C7 T cells were to B10.A 1x2 mice by retro-

orbital injection, which then received 0.5 g LPS and 30 g MCC peptide by i.p. injection 6 hr after transfer. 

A “chronic” activation state was achieved by transferring 100,000 naïve 5C.C7 T cells to PCC-B10.A 1x2 

mice by retro-orbital injection. After 17 d (B) or 19 d (C), LN were collected from these mice as well as a 

naïve 5C.C7 mouse (“Naïve”) and CD4+ T cells were enriched for using negative magnetic selection, using 

Dynabeads targeting B220, CD11b, CD11c, NK1.1, and CD8. Cells were then prepared for ex vivo 

stimulation and intracellular phospho-flow cytometry as in Figure 3.9. (A) Representative gating strategy for 

identifying and analyzing recovered 5C.C7 T cells. The “lineage” channel includes anti-B220, anti-CD11b, 

and anti-MHCII. (B-C, next pages) Representative histograms of pERK, pSLP-76, and pZap70 expression 

by cells for up to 30 min of ex vivo PMA-treatment (upper), anti-CD3 and anti-CD4 stimulation (middle), or 

PMA and antibody stimulation (lower). Naïve (red), acute (blue), and chronic (purple) in vivo activation as 

indicated. 
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3.2.8. Optimizing a comprehensive panel for further evaluation of signaling interactions 

 Although conventional phospho-flow cytometry is a powerful tool for interrogating 

changes in TCR signaling, the limited array of lasers and detectors on most flow cytometers 

limits the breadth of signaling nodes that can be examined concurrently. Spectral flow 

cytometry that uses upwards of 20 detectors to measure the entire emission spectrum from 

each excitation laser allows for the discrimination between similar fluorophores that are 

considered identical by conventional flow cytometry181,182.  

Accordingly, this allows for the concurrent use of dozens of fluorescent markers 

regardless of peak emission overlap, increasing the power to analyze several signaling 

molecules within discrete T cell subpopulations of a polyclonal T cell population. We 

sought to use this technology to more specifically characterize the changes in TCR 

signaling following prior treatment conditions and activation states. A pilot study 

examining the phosphorylation of 8 signaling molecules downstream of TCR and CD28 

signaling following antibody-mediated activation of polyclonal B6 T cells is shown below 

(Fig. 3.20). We were able to resolve ERK phosphorylation (Fig. 3.20B,C), showing similar 

kinetics to prior experiments in both CD4+ and CD8+ T cells. Additionally, CD44hi, 

antigen-experienced T cells showed minimal ERK phosphorylation, among CD4+ and 

CD8+ cells, consistent with our adoptive transfer studies (Fig. 3.18-3.19). Further, both 

pSLP-76 and pZap70 (Y292) showed kinetics in line with prior experiments; however, 

pZap70 (Y319) showed minimal increase in signal intensity above baseline (Fig. 3.20 B,F).  

 Although we had difficulty detecting shifts in phosphorylation of p38, CREB, and 

Akt, phosphorylation of S6, a signaling molecule downstream of Akt, showed robust signal 

among CD44lo CD4+ and CD8+ T cells (Fig. 3.20B, J). Interestingly, much like ERK 
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phosphorylation, S6 showed diminished phosphorylation among CD44hi T cells. These 

data suggest that specific signaling nodes are repressed following prior T cell activation.   
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Figure 3.20. Detailed TCR-mediated signaling kinetics can be observed using spectral flow 

cytometry. 

Lymph nodes were isolated from B6 mice and cells were stained with 10 g/mL biotinylated-anti-CD3, anti-

CD4, anti-CD8, and anti-CD28. Cells were treated with 5 g/mL streptavidin at 37C for the indicated 

times before fixation with 1.5% PFA. Cell membranes were permeabilized with MeOH and rehydrated with 

FACS buffer before being stained overnight with antibodies in preparation for spectral flow cytometry using 

the Cytek Aurora. (A) Gating strategy used for analyzing T cells. (B) Representative histograms of indicated 

phosphorylated signaling protein for the indicated length of stimulation. CD4+ (upper) and CD8+ (lower) 

are shown separately, as are CD44lo (left) and CD44hi (right) expressing cells. (C-J, next page) gMFI of the 

indicated signaling protein plotted for all 4 populations shown above. 

  

A 

B 
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3.3. Significant findings & Discussion 

The central goal of this chapter was to use a reductionist model to evaluate the 

hypothesis that triggering subsets of TCR signaling pathway (Signal 0) before the T cell 

actually engages its antigen and receives a full activating signal from it, biases the kind of 

activation resulting from the latter. We used PMA, a compound that activates PKC and 

MAPK pathways to mimic a signal 0.  Interestingly, we find that this pre-biasing 

selectively affects expression of CD69 and subsequent cell survival, but not cytokine 

production, proliferation, or differentiation of the T cells. While these data suggest that the 

basic premise of signal 0 merits further evaluation, the mechanisms by which PMA 

mediates this long-term consequence is also worth considering. T cell survival in vivo is a 

complex outcome resulting from both the ability of cells to utilize available trophic factors 

(by either upregulating receptors for nutrients, such as Glut1 or by migrating to specific 

sites of cytokine/nutrient availability) as well as intrinsic changes in cell survival 

machinery. We showed that PMA pre-Tx yields increased CD69 expression by T cells, 

which, by driving the internalization and inhibition of S1PR, would be predicted to promote 

retention in lymph nodes 103,105. Although T cells activate and proliferate rapidly within 

SLO, lymphoid stromal cells have mechanisms for restraining T cells including the release 

of nitric oxide (NO), presumably to provide a brake on an overactive, potentially damaging 

T cell responses 183-185; thus, the effect of PMA may have been to sequester pre-treated 

cells in lymph nodes where they were subject to suppression by these mechanisms. 

In the process of evaluating the consequences of PMA on T cells, we also developed 

sensitive assays to measure intracellular signaling by flow cytometry. These studies 

revealed an interesting dichotomy between the kinetics of ERK phosphorylation due to 
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PMA vs TCR-proximal (CD3) signaling. While TCR-mediated signaling elicited ERK 

phosphorylation that was rapidly attenuated within 15 of stimulation indicative of negative 

feedback, PMA maintained high levels of pERK for at least 2 hours. Further, experiments 

in which both stimuli were provided concurrently, which also yielded protracted ERK 

phosphorylation kinetics, suggest that PMA-induced ERK is not subject to the same 

negative feedback as TCR signaling. This could potentially be due to intracellular 

compartmentalization between ERK signals elicited by TCR and PMA, preventing 

negative regulation at nodes of PMA-induced signaling; however, experiments aiming to 

determine differential intracellular localization of ERK were inconclusive, so further 

experimentation will be required to test these hypotheses. 

Finally, these techniques allowed us to examine the signaling differences in T cells 

existing in two different functional states in vivo. The fate of T cells which have been 

recently stimulated by antigen itself can (perhaps) be considered an extreme of the signal 

0 state – one in which T cells were recently already stimulated along all pathways. In this 

context, the changes in T cells resulting from chronic exposure is quite potent. Two 

populations could be identified among chronically activated cells. The first shows high 

baseline phosphorylation of proximal signaling molecules Zap70 and SLP-76, 

approximately 10-fold above that of naïve cells; however, upon TCR-mediated activation, 

these cells showed an attenuated increase in phosphorylation of both molecules. A second 

population shows very low expression of pZap70 and pSLP-76 that remained completely 

unchanged by TCR-stimulation. Interestingly, both populations show hypo-responsiveness 

to activation but the mechanisms that enforce it would likely be vastly different between 

the two populations. With the prevalence of studies examining techniques to reverse T cell 
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exhaustion, most notably checkpoint blockade, it seems that further investigation of the 

heterogeneity within the “exhausted” pool is necessary, as more complex strategies may 

be needed to reactivate these different states of hypo-responsiveness.  
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Chapter 4: Receptors for the non-immune chemiome on T cells 

4.1. Introduction 

In our approach to evaluate the Signal 0 hypothesis, the logical question that 

follows from our studies showing that triggering parts of the TCR signaling pathway does 

impact subsequent T cell activation is its physiological counterpart. We assume that in vivo, 

resting steady-state T cells are also continuously exposed to a variety of other 

environmental ligands – such as hormones, pharmaceuticals, metabolites, 

neurotransmitters etc. – all of which together we refer to as the “chemiome” (introduced in 

Chapter 1). Of course, the key is to understand which subsets of these have receptors on T 

cell which can indeed signal using parts of the signaling machinery that would lead to 

differential signal 0 states. Obviously, the receptors which can signal in such a fashion 

must fulfill three criteria. First, they should be expressed in resting (naïve or memory) T 

cells, without requiring an initial TCR signal for upregulation. Secondly, they should be 

able to signal using some (but not all) signaling modules that are subsets of the overall 

TCR signaling cascade. Third, the ligands for these receptors should be available in vivo, 

and signal to resting T cells in order to set up differential TCR biases. The emphasis on 

‘non-immune’ also signifies these requirements. We consider cytokine receptors and 

known cell adhesion molecules to be ‘immune’ receptors – largely because they have been 

studied in hematopoietic cells. Our focus here is on those functional receptors that are 

expressed quite broadly and whose signaling properties are not unique to T cells.  

 These criteria are key, because if the TCR signals are first required to upregulate 

expression of the receptor, then it is unlikely to impact the initial antigen-activation signal. 

In our initial surveys of the literature, we found surprisingly little information published 
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about receptors that meet these criteria. In this chapter, we discuss our efforts to catalog 

and characterize such receptors. 

4.1.1. Defining a strategy for identifying relevant receptors for the Non-immune 

chemiome (rNIC) 

The strategy we used here was to focus on receptors that are known to share 

signaling modalities. The MAPK ERK1/2 is triggered by several other receptors, including 

insulin and insulin-like growth factor receptors186,187, while cellular processes, like the 

response to stress induce p38 activity188,189. In order to define a list of receptors for NIC 

ligands expressed by T cells, an extensive literature review was performed. First, utilizing 

a combination of pharmacology databases, we defined a list of the totality of receptors 

expressed by mammals, broken down by receptor type. Membrane receptors are classified 

into three types of which all were included for analysis: 1) ligand-gated ion channels, 2) 

GPCR, and 3) kinase-linked and related receptors. Among these, the following subclasses 

were excluded from analysis as they were considered “immune” receptors: chemokine, 

leukotriene, prostaglandin, S1P, complement receptors. Additionally, among enzyme-

linked receptors, receptor-type protein tyrosine phosphatases (PTPR) were not included as 

they are not ligand binding. Further, orphan receptors with no known ligands also excluded. 

Lastly, receptors for neurotransmitters are considered separately in Chapter 5.  

Upon compilation of a curated receptor list, each receptor was searched on PubMed 

using the inclusive search term scheme of “(t cell) and ([receptor]),” repeating the search 

with the receptor gene name and any common protein names. Resultant publications were 

considered indicative of receptor expression if data directly measured expression using RT-

qPCR or protein analysis in at least one T cell population or if receptor ligation showed a 
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measurable functional effect; however, functional effects must be mediated by direct 

signaling rather than indirectly through agonism of another cell. This could be shown 

through purified culture or T cell specific knock out experiments. An inclusive approach 

was taken with respect to studies with some ambiguity in this regard. 

4.2. Results 

4.2.1. T cells express receptors for a broad array of environmental ligands. 

 A comprehensive list of NIC receptors that show expression by T cells based on 

the above criteria is found in Table 4.1. The list includes 23 receptors of which all but one 

are of the enzyme-linked receptor class with the remaining a GPCR. In considering these 

findings, trends can be identified when considering the varying ligands for these receptors 

as well as the signaling modules elicited upon ligation. Each will be discussed in turn. 

Ligand specificity 

The majority of receptors (13 of 23) respond to hormones and growth factors, 

signaling through receptor tyrosine kinases (RTK) or receptor serine/threonine kinases 

(RSTK). This group can be subdivided into receptors for ligands that are systemically 

circulated – insulin, hepatocyte growth factor (HGF), insulin-like growth factor (IGF), 

fibroblast growth factor (FGF), erythropoietin (EPO), and activin – and those that signal 

locally – EGF, nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), 

neurotrophin-3 (NT-3), and bone morphogenic protein (BMP). Detailed discussion of the 

numerous effects mediated by each of these factors is beyond the scope of this section, but, 

generally, these factors promote proliferation and cell survival, commonly regulating 

cellular metabolism by Akt (Table 4.1). 
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A second group of receptors bind membrane-bound ligands. Axl and MerTK are 

TAM family receptors (named for its constituents Tyro3, Axl, and MerTK) that bind Gas6 

and Protein S, which are expressed by a variety of tissues and act, generally, to inhibit cell 

cycle progression190. Additionally, 6 members of the ephrin receptor (Eph) family have 

been identified in T cells (Table 4.1). Ephrins are a family of GPI-anchored proteins that 

have been predominantly described in governing tissue development and patterning during 

development, especially of neuronal axons191,192. They also act in adulthood to guide 

angiogenesis as well as the maintenance of most stem cell niches193,194. Despite typically 

engaging in cell-cell interactions, ephrins can be released by GPI-anchor cleavage and 

signal at a distance.  

Another receptor identified to be expressed by our search is neuropilin-1 (NRP1). 

NRP1 is a somewhat enigmatic receptor as it does not have intrinsic kinase ability and 

instead acts as a co-receptor to stabilize other receptor-ligand interactions. NRP1 

necessarily participates in the binding of two independent ligands: class 3 semaphorins 

(Sema3s) and VEGF195,196. Sema3s are secreted, unlike other semaphorins, and act 

similarly to ephrins in that they guide axon development as well as regulate cell migration, 

organogenesis, and vascular development in many contexts197. NRP1 cooperates with 

plexins as well as L1 cell adhesion molecule (L1CAM) in order to mediate response to 

Sema3s. VEGF, which is critical for guiding angiogenesis, requires NRP1 to bind VEGF-

receptor2 in order to generate high affinity ligation 195,198. Additionally, NRP1 has been 

shown to bind TGF1 during SMAD induction as well as binding c-MET and platelet-

derived growth factor, NRP1 is not essential in any of these cases. 
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The final receptor identified by this analysis is the trace amine-associated receptor 

(TAAR) 1. The TAAR family was recently discovered in 2001 as an intracellular receptor 

that binds exogenous amphetamines and ephedrines as well as amino acid metabolites, 

such as phenylethylamine, tyramine, and tryptamine199,200. TAAR1 signaling plays a 

variety of roles within the central nervous system but also has been shown to regulate 

metabolism, both by triggering hormonal release in the pituitary as well as locally in the 

pancreas and stomach199. 

Receptor signaling 

 RTK are the most common type of receptor identified (18 of 23) with respect to the 

mechanism of signaling (Table 4.1, blue). As described for cytokine signaling in section 

1.2.3, RTK act by receptor dimerization upon ligand binding, leading to activation of their 

intrinsic kinase domain and initiation of signaling cascades. Of note, the EPO receptor 

(EPO-R) does not have intrinsic kinase activity, but instead binds JAK2 to initiate STAT5 

signaling. Again, the precise mechanisms by which each receptor elicits downstream 

signaling modules will not be described but can be found within the cited literature (Table 

4.1). However, it is worth noting that RTK most commonly induce 2 signaling modules: 

PI3K/Akt and MAPK (typically ERK) signaling. Thus, signaling through these receptors 

would be predicted most likely to modulate subsequent TCR and co-stimulatory receptor 

signaling. 

 The second most common class of receptors are RSTK of the activin-receptor 

family, of which TGFR is a member. Therefore, these receptors initiate signaling as 

described in section 1.2.3 to activate SMAD signaling. As a consequence, signal 0 events 
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mediated by these receptors would be predicted to act similarly to TGF, most likely 

influencing signal 3 but potentially signal 1 as well (see section 1.2.3). 

 TAAR1 is the lone NIC GPCR identified by our review of the literature. As it is a 

Gs-coupled receptor, its ligation activates adenylate cyclase to generate the second 

messenger cAMP. Additionally, TAAR1 has been shown to elicit effects through -arrestin 

signaling as well199,200. Extensive discussion of Gs-coupled signaling can be found in 

Chapter 5 so it will not be discussed further here.  

 Although NRP1 does not have intrinsic signaling capabilities, we can consider the 

signaling pathways triggered by each receptor complex it participates in. Sema3 commonly 

binds plexins A1 or A2 in coordination with NRP1197. Plexins act predominantly by 

recruiting GTPases including Ras and Rac1201, thus activating MAPK signaling. VEGF 

binding NRP1 with VEGFR2 induces PLC signaling and thus activates ERK as well as 

Ca2+ signaling202,203. VEGFR2 has also been shown to elicit FAK, which plays a critical 

role in cell migration as part of angiogenesis198. In T cells, FAK has been shown to broadly 

inhibit TCR signaling by targeting Lck204,205. Although the context of NRP1-mediated 

signaling will be complex due to its ligand co-receptor complexity, when it is recruited as 

part of a signal 0 event, signal 1 would be predicted to be most impacted.  
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Table 4.1. T cells express receptors for NIC molecules. 

List of receptors reported to be expressed by at least 1 T cell subset. Receptor names are colored based on 

their receptor type: RTK (blue), RSTK (gold), GPCR (purple). Citations for studies that show expression are 

included under “T cell expressed.” Citations that describe the signaling modality utilized by the receptor 

appear under “Signaling modality observed.” Among the observed signaling modalities, entries in green 

boxes indicate that the citation refers to signaling in a cell type other than T cells or the generalized 

understanding of signaling pathways for the given receptor. Entries in red boxes indicate the receptor was 

shown to inhibit the indicated pathway.  

Receptor Gene 

symbol 

T cell 

expressed 

Signaling modality observed 
ERK p38 JNK Ca2+ NFB Akt JAK-

STAT 

SMAD Gs 

Insulin-R Insr 187,206-209 187     187,209    
c-MET 

(HGFR) 

Met 210-212 213,214  213,214 213,214  213,214 215   

IGF-1R Igfr1 126,131,216-

223 

  131   126,131 126   

IGF-2R 

(M6PR) 

Igfr2 224-229          

FGFR1 Fgfr1 124,230-232 130   130 124 130    
EGF-R Egfr 233-235 234,235   235  236    
TrkA Ntrk1 237,238 239,240   240 240 240    
TrkB Ntrk2 241-244 244,245 245 245 245 245 245    
TrkC Ntrk3 243,246 247 247 247 247 247 247 247   
EPO-R Epor 132,248,249       132   
Activin-R1B 

(ALK4) 

Acvr1b 250,251        252,253  

Activin-R2A Acvr2a 254        253,255  
BMP-R1A Bmpr1a 256        257  
Axl Axl 258 259,260 259 259   259,261,

262 

   

MerTK Mertk 258 259 259 259   259,261    
Neuropilin-1 Nrp1 263-268          
EphA1 Epha1 269,270  191    191    
EphA3 Epha3 271  191        
EphB1 Ephb1 272-275 191,273 273        
EphB2 Ephb2 272          
EphB3 Ephb3 276          
EphB6 Ephb6 277,278          
TAAR1 Taar1 279         280 
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4.2.2. EGFR may not participate in signal 0 

 We chose to examine EGFR as a potential component of signal 0 because, among 

the NIC receptors identified, its signaling has been best characterized in T cells, 

specifically (see Table 4.1). Before examining the effects of EGFR signaling, we sought 

to detect EGFR expression on T cells by flow cytometry. Due to a limited availability of 

fluorophore conjugated, flow cytometry antibodies, we used an unconjugated anti-EGFR 

primary antibody followed by anti-isotype secondary conjugated to AF488. This staining 

strategy was applied to B6 splenocytes, mesenteric LN (mLN), and subcutaneous LN 

(scLN) as well as murine fibroblast NIH 3T3, which, although not highly, express 

EGFR281. We additionally stained splenocytes with anti-mouse IgG as a technical control. 

We could not identify EGFR expression by T cells using this assay, finding no signal 

above the negative control (Fig. 4.1). It is possible that the primary antibody we used is 

ineffective in this context as it is unclear whether 3T3 cells showed expression either. 

Because EGFR has been shown to be expressed by naïve and activated T cells in the 

mLN and spleen by flow cytomety233, further analysis using an alternative experimental 

strategy will be necessary.  
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Figure 4.1. EGFR expression by T cells is not detected. 

Lymph nodes and spleen were isolated from B6 mice, while P7 3T3 cells were recovered from culture using 

trypsin. After washing, cells were fixed using 1.5% PFA, permeabilized with MeOH, and rehydrated using 

FACS buffer. Cells were then incubated with the indicated primary antibody, washed, and incubated with 

AF488-goat-anti-rabbit IgG secondary antibodies, in preparation of flow cytometry. (A) Representative 

secondary antibody fluorescence in T cell populations. (B) gMFI of secondary antibody signal among 

primary mouse cell samples (“negative control” indicates spleen population incubated without primary 

antibody). 

 

A 

B 



127 

 

 

 

 Despite being unable to detect EGFR directly, based on prior literature describing 

EGF-induced ERK phosphorylation234,235, we sought to replicate these findings using and 

characterize the ERK-signaling kinetics using the phospho-flow strategy described in 

chapter 3. In this experiment, we treated LN cells from B6 mice with EGF for up to 1 hr, 

using PMA treatment as a positive control (Fig. 4.2). EGF treated cells showed no ERK 

phosphorylation above baseline with up to 60 min of EGF treatment in either CD4 cells 

as a whole or the CD4+CD44hi population (Fig. 4.2B-C). Although we predicted pERK 

would not be observable in naïve cells because it is not highly express in this population, 

it was surprising to see no ERK signaling within the CD44hi population which expresses 

EGFR highly233. One explanation may be that, while CD44hi, this population in 

unmanipulated mice not recapitulate the expression status of T cells activated in the 

context of parasitic worm infection233. Other explanations are more technical, including 

the possibility that the dose of EGF used was insufficient or the reagent had degraded. 

Further troubleshooting will be necessary, but based on these results, EGF does not 

effectively transduce a signal among resting T cells, and, thus, cannot contribute to signal 

0.  
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Figure 4.2. EGF does not induce ERK phosphorylation in T cells. 

Lymph nodes were isolated from B6 mice and cells were treated with 1 g/mL EGF for the indicated times 

or 50 ng/mL PMA for 5 min. All treatments occurred at 37C before fixation with 1.5% PFA. Cell membranes 

were permeabilized with MeOH and rehydrated with FACS buffer before being stained overnight with 

antibodies in preparation for flow cytometry. (A) Gating strategy for analyzing T cells. (B) Representative 

histograms of pERK expression among all CD4+ T cells (left) and CD4+ CD44hi (right) at the indicated 

stimulation times are shown. (C) Quantification of pERK gMFI among all CD4+ T cells (left) and CD4+ 

CD44hi (right) are shown. 

  

A 

B 
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4.2.3. Insulin treatment does not modulate T cell proliferation 

 We next examined the role insulin signaling plays in T cell activation, because, 

like EGFR, INSR signals by inducing ERK phosphorylation and Akt, making it a prime 

candidate for acting as part of signal 0. Further, the endocrine and cyclic nature of insulin 

circulation physiologically present opportunities for unique temporal and spatial 

influence on T cell signaling. To screen for a broad effect on T cell activation as would 

be predicted based on its associated signaling modalities, we simply stimulated 5C.C7 

cells, both naïve and pre-activated, with antibody or peptide and APC while in the 

presence of a broad range of insulin doses and assayed for T cell proliferation. We first 

found that naïve and pre-activated T cells show different propensities to proliferate 

depending on the type of stimulation, with antibody dramatically favoring pre-activated 

cells while naïve cells respond better to antigen (Fig. 4.3), likely due to different demands 

for co-stimulation. Despite this difference, both T cell populations showed no change in 

proliferation in response to insulin treatment across a 108-fold dose range.  

We considered the possibility that the antigenic stimulation using the agonist 

peptide MCC may be too strong and masked any potential effect of insulin. Thus, we 

then repeated the experiment using a range of antigenic peptides with ranging affinities 

for TCR binding, using MCC with varying amino acid substitutions. Interestingly, in this 

experiment, across all peptides and peptide doses, pre-activated T cells showed greater 

proliferation than naïve cells (Fig. 4.4). Yet, in line with the previous findings, insulin 

treatment had absolutely no effect on T proliferation (Fig. 4.4). One explanation the 

observed lack of effect may be that naïve T cells show minimal expression of INSR209; 

however, this does not account for the absence of effect in the pre-activated cell 
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population. Alternatively, while prior studies have shown a dependence on INSR to 

generate effector function and proliferation, these studies utilized receptor knock out 

models206,209. It is possible that insulin is in, fact necessary for these processes, but that 

only a minimal amount is required to provide sufficient signaling, thus exogenous insulin 

would not elicit a measurable effect. This may be overcome by employing an 

experimental paradigm in which naïve cells are rested in culture, thus eliminating on 

going insulin exposure from the in vivo setting, before activation with insulin 

supplementation.  
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Figure 4.3. Insulin has no effect on 5C.C7 T cell proliferation. 

“Pre-activated” 5C.C7 cells were generated using ex vivo culture with APCs from CD3-KO mice and 1 

M MCC for 3 d. Cells were then rested in the absence of antigenic stimuli but IL-2 supplementation for 8 

d. Pre-activated and freshly isolated naïve 5C.C7 were activated using anti-CD3/28 or with APC (CD3-

KO) and 1 M MCC peptide in the presence of indicated dose of insulin (combination of bovine and 

human in a 1:1 mix). After 48 hr in culture, 1 Ci of 3H-thymidine was added to each well. After an 

additional 24 hr, cells were harvested onto a nylon wool filter and scintillation was counted. (A-C) 

Measured counts per million among naïve T cells (open circles) or pre-activated T cells (closed circles) 

activated using (A) 0.1 g/mL anti-CD3, (B) 1 g/mL anti-CD3, or (C) APC and MCC peptide. 

Experiment run in biological triplicate.  

A 

B 

C 
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Figure 4.4. Insulin does not alter proliferation mediated by altered peptide ligands. 

Naïve or pre-activated (as in Figure 4.3) were activated by incubation with APC (CD3-KO) and increasing 

doses of the indicated altered MCC peptide ligand. Cultures were either supplemented with insulin (mix of 

human and bovine, 0.5 g/mL each) or left untreated. After 48 hr, 3H-thymidine was added and scintillation 

subsequently measured 24 hr later as described in Fig. 4.3. (A-E) Measured counts per million for each 

culture condition. Experiment run in technical triplicate.  

A 

B C 

D E 
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4.3. Significant findings & Discussion 

The objective of this chapter was to evaluate a subset of potential receptors for 

environmental ligands that can deliver signal 0 to T cells in vivo. Specifically, we focused 

on receptors that are not also neurotransmitter receptors (see Chapter 5 for discussion of 

this receptor family). While the study laid the groundwork of receptors for future 

experimentation, following up on individual receptors proved challenging – especially in 

terms of reagents available to study them. We were surprised to observe that EGF treatment 

did not yield ERK signal transduction in B6 T cells given that prior studies using 

amphiregulin (AREG), another ligand for EGFR, elicits pERK234 and that specific EGFR 

inhibition reduces pERK signal both at baseline and during antibody-mediated TCR 

stimulation235. It is possible that the difference in ligand, AREG vs EGF, drives distinct 

signaling modalities in T cells282,283, but that has yet to be reported. Further, both of these 

studies used primary human cell cultures, introducing the possibility that species 

differences underlie the discrepancy in observed signaling. 

A second receptor identified is the insulin receptor which we found especially 

interesting considering that the pancreas is an organ that is targeted by T cells during 

diabetes284,285. So, any dose-dependent effects of insulin on T cell activation could affect 

the potential for triggering diabetes quite significantly. Intriguingly, despite an exhaustive 

analysis of different doses as well as different affinity of peptides, we did not find any 

modulatory effect of insulin with regards to T cell proliferation. Additional studies 

examining T cell differentiation and cytokine production may reveal a role for insulin 

signaling. 



134 

 

 

 

These findings, while highlighting the challenges in studying this hypothesis, also 

suggest an alternative. It is possible that at least some intuitive candidates for signal 0 are 

shielded. Similar to the discussion of compartmentalization with regards to PMA-mediated 

activation of ERK, so too may the signaling elicited by NIC receptor signaling be isolated 

from that of the TCR. Noting that ERK signaling occurs in discrete subcellular 

locations176,178, those of EGFR- and TCR-induced signaling may not be compatible for 

crosstalk. It is thought that high affinity, agonistic ERK signaling occurs at the plasma 

membrane179 and that appears to be the same for EGFR236; however, EGFR undergoes 

endocytosis shortly following activation to attenuate signaling236, potentially inhibiting the 

opportunity for interaction with the TCR. Additionally, the ability of lipid rafts to 

compartmentalize ERK signaling nodes could be responsible for the lack of an effect286,287. 

Although these possibilities would limit the potential impact of signal 0, signaling 

compartmentalization would likely be receptor and signaling modality specific, as we 

know from our understanding of signals 1-3 that signaling from different receptor sources 

can modulate one another. Further studies will be necessary to characterize these 

phenomena. 
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Chapter 5: Neurotransmitter receptors constitute a major source of rNIC relevant 

to T cells 

5.1. Introduction 

5.1.1. Neuronal regulation of immunity 

Given the vast diversity of the endogenous chemiome, we posited that a system 

with a range of related endogenous chemicals that are naturally likely to be in a T cell’s 

microenvironment even without an infectious exposure would provide compelling insight 

into the impact of signal 0 on T cell behavior. Based on our review of the NIC literature 

(as discussed in Chapter 4), we discovered a system that fits these criteria perfectly: 

neurotransmitters (NT). Further, the effects of neurotransmitters on T cells has been studied 

in many contexts before, providing firm ground for further investigation. There is even a 

teleological argument for studying NT signaling to T cells as the immune and nervous 

systems are both tasked with sensing and responding to threats to the organism’s survival. 

While lymphocytes detect and resolve the threats posed by infections, tumors, etc. at a 

cellular level, the nervous system can be thought of as acting at an organismal level using 

mechanisms such as reflexive withdrawal from harmful stimuli or the engagement of the 

sympathetic “fight or flight” response288,289. In this context, it is not surprising that the two 

systems have evolved to communicate with each other and perhaps even regulate one 

another290-292. The ability of neural outputs to regulate cells of the innate immune system 

has been well studied, not only in mammals but also in invertebrates291,293-298. A seminal 

work in the field is in the context of sepsis where parasympathetic signaling through the 

vagus nerve was shown to limit TNF release by splenic macrophages, suppressing systemic 

inflammation and limiting shock299,300.  
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Several studies have found that neurotransmitters and neuropeptides play a critical 

role in regulating innate lymphoid cell (ILC) function in the lung and gut298,301-308. The 

neuropeptide neuromedin U (NMU) was found to support ILC2 effector function, 

including IL-5 and IL-13 release, and protection from parasitic worm infections298,301. 

Similarly, NMU synergizes with IL-25 and IL-33 alarmins to promote ILC2 cytokine 

production and exacerbation of allergic inflammation in the lung307. Conversely, 

norepinephrine acting on ILC2 expressed β2-adrenergic receptor (2AR) inhibits ILC2 

cytokine release, dampening the response to Nippostrongylus in mice302. Calcitonin gene-

related peptide (CGRP), similarly dampens ILC2 responses to airway alarmins306, but in 

the context of worm infection, CGRP skews ILC2 cytokine production in response to 

alarmins and NMU, selectively promoting IL-5 release303.  

CGRP, released by pain sensing neurons, or nociceptors, has further been shown to 

regulate several other innate immune cells in several contexts. During Staphylococcus 

aureus pneumonia, lung nociceptors release CGRP, reducing lung neutrophil and  T cell 

recruitment and limiting bacterial clearance and survival309. Similarly, Streptococcus 

pyogenes releases streptolysin S toxin during skin infections, triggering CGRP release and 

suppression of neutrophil recruitment310. Both cases show that CGRP acts to inhibit 

inflammation and indicate that its blockade can be used therapeutically as it enhances 

bacterial clearance and survival. Further, these data suggest that bacterial species may have 

evolved strategies to take advantage of the anti-inflammatory nature of CGRP and promote 

its release for immune evasion. Interestingly, nociceptor-derived CGRP in the small 

intestine promotes segmentous filamentous bacteria growth and protects from Salmonella 
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infection311, indicating that neuronal regulation of immunity is complex and that context-

specific considerations are necessary to understanding its nuances. 

Although relatively less is known about similar interactions between neurons and 

the adaptive immune system (B and T cells), both functional and molecular evidence for 

regulation of adaptive immunity by neurotransmitters has accumulated in recent 

years290,312,313. Indeed, subsequent studies on the effects of vagotomy on controlling innate 

inflammation implicate that neural activity might directly act on T cells – which then 

regulate the splenic macrophage response314,315.   

5.1.2. NR classes and signaling modalities 

 By definition, a neurotransmitter is any molecule that is released from a neuron, 

typically at the axon terminal, which acts on another cell, i.e. a molecule that mediates 

communication from neurons. The central and peripheral nervous systems (CNS, PNS) 

employ a broad range of chemical types to carry out this cell-to-cell communication, 

including amino acids and their derivatives, peptides, lipids, purines, and other small 

molecules like acetylcholine and nitric oxide. In order to mediate communication, the NT 

necessarily acts on a receptor expressed on the recipient cell. NT receptors (NR) are 

defined by the specific NT that they bind, i.e. the NT acetylcholine (ACh) binds 

acetylcholine receptors (AChR); however, one NT can bind up to dozens of different 

receptor subtypes (Table 5.1). In the case of ACh, there are approximately 17 different 

AChR produced in combination by 21 different genes316,317. The immense diversity of 

NT and NR with differences in ligand binding, signaling, and regulation allows for 

incredible complexity as well as specificity within this communication scheme. 
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 Despite the tremendous diversity of NR, the signaling modalities initiated by 

receptor signaling are surprisingly limited. All NR fall into one of two categories: 7-

transmembrane G-protein coupled receptors (GPCR) or ligand-gated ion channels, 

described as “metabotropic” and “ionotropic,” respectively. Each class will be reviewed 

briefly. 

GPCR 

As the name suggests, GPCR associate with heterotrimeric G proteins, which 

share a common mechanism to initiate signal transduction. G proteins consist of 3 

subunits, G, which has GTPase function and when active can dissociate from the 

trimeric complex, and G and G, which remain bound to one another (G) and are 

lipidated to remain at the surface membrane. At rest, G is bound to GDP and the 

trimeric protein is associated with the GPCR. Upon ligand binding, a conformational 

change triggers exchange of GDP for GTP, allowing G to dissociate from the receptor 

complex. Then, active G acts to induce or inhibit the generation of secondary 

messengers dictated by the particular G protein. GTP is eventually hydrolyzed to GDP 

and the GPCR and trimeric G protein re-associate with G at the membrane.  

As just mentioned, different G proteins mediate different signaling based on the 

class of G subunit. While many G proteins have been described, three are most 

common, particularly among NR: 1) Gs, which acts to activate adenylate cyclase (AC) 

and the production of the second messenger cAMP, 2) Gi, which inhibits AC but can 

also mediate other effects in different cell types, and 3) Gq, which activates PLC to 

generate IP3 and DAG (Fig. 5.1). The role of G canonically was to promote GTP 

hydrolysis and reassembly of the G protein trimer; however, the dimer has been shown to 
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have diverse signaling capabilities complicated by the cell type and particular isoform of 

each subunit318. While these proximal signaling events can generally be predicted for a 

given GPCR based on the type of G protein coupled to it, the downstream effects of 

signaling will, of course, be cell type-dependent. This is further complicated by the 

discovery that complexities in receptor-ligand interactions can lead to biased signaling319. 

That being said, within the nervous system, the overriding effect of GPCR signaling is 

dictated by the stereotypical G signal transduction320 (Fig. 5.1). 

Ion channels 

 Ionotropic receptors act, rather simply as channels that permit the flux of ions 

following ligation with the neurotransmitter agonist. Functional channels are generated 

by combining a variable numbers of subunits depending on the receptor class – 3 

(purinergic receptors), 4 (glutamatergic receptors), or 5 (cholinergic, serotonergic, 

GABAergic, glycinergic receptors) – that form a water filled pore across the lipid 

bilayer321-326. In the unbound state, the pore is occluded by hydrophobic residues; 

however, upon ligand binding, a conformational change allows ions to permeate the 

membrane. Most ionotropic receptors are permissive to the flux of cations Na+, K+, and 

Ca2+, allowing for membrane depolarization and excitation of an action potential in 

neurons or muscle cells325,326. Generally, cationic channels are non-specific for these ion 

species, but variation in subunit composition can modify permissiveness for a given ion, 

typically regulating Ca2+ flux324. Ionotropic GABAA receptors as well as a class of 

glycine receptors, instead, are Cl- channels, which stabilizes membrane potential and are, 

this, inhibitory receptors (Fig. 5.1).  
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Table 5.1. Overview of neurotransmitters and their receptors. 

This table provides a summary of the major neurotransmitters, the different classes of receptors they each 

bind, the proximal signaling modalities triggered, and their role in the CNS. Note: this both an abbreviated 

list of neurotransmitters and receptors. Missing NT include neuropeptides (substance P, NPY, VIP, 

enkephalin, somatostatin, etc.), lipids (2-AG, AEA, etc.), and purines (adenosine, ATP, NAD, etc.). 

Beyond the receptors for the missing NT, subtypes of receptors have been condensed, such as the nicotinic 

AChR that form 12 different combinations of ion channels from 16 gene products, or the -adrenergic 

receptors that have 3 subtypes each. Reprinted with permission from: 

https://basicmedicalkey.com/introduction-to-central-nervous-system-pharmacology-2/ 
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Figure 5.1. Summary of NR signaling modalities. 

(A) Overview of GPCR signaling for each of the stereotypical G subunits. Note the second messenger 

molecules elicited by each in blue text. Reprinted with permission from Huang, et al. 2009327, license 

number: 4893291415606. (B) Diagram of a nicotinic AChR (nAChR), providing an example of the 

ionotropic NR class. The receptor is made up of 5 subunits forming a central pore that, when bound the 

ACh, allows for the inward flux of Na+ and Ca2+ and the outward flux of K+. Reprinted with permission 

from Wonnacott, S. “Nicotinic ACh Receptors,” Tocris Scientific Review Series: 

https://resources.tocris.com/pdfs/literature/reviews/nicotinic-review-2019-web.pdf   

A 

B 
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5.1.3. Proposed functional impacts of NR signaling on T cell biology 

Among the assortment of adaptive immune cells available to be regulated by 

neurons, the helper T cell is especially significant. Helper CD4 T cells typically play a 

central role in not only initiating an adaptive response (by helping CD8 T cells, B cells 

etc.) but also in channeling the response after themselves differentiating into different 

flavors of effector (e.g. TH1, TH2, TH17) or regulatory (Treg) cells. It is also known that 

CD4 T cells express NRs and/or respond to pharmacological agonists and 

neurotransmitters312,313,328-334. A canonical receptor that has been extensively studied in this 

context is the β2AR which is expressed on T cells and poised to receive sympathetic input 

from the nervous system335-342. β2AR agonism affects the polarization of CD4 T cells and 

promotes IFNγ release by TH1 primed cells in an IL-12 dependent manner330,339; however, 

receptor ligation has, conversely, been shown to inhibit IFNγ and TNF production and 

cytolytic activity of CD8+ T cells343. In line with a suppressive function for 2AR, 

norepinephrine signals enhance the activity of regulatory T cells341. 2AR signaling has 

also been implicated in the regulation of circulation by promoting retention of T cells in 

LN344, and is a key intermediate in the vagal nerve inhibition of macrophage TNF 

secretion discussed above314. Understanding the contexts under which all of these effects 

can occur as well as the underlying signaling mechanisms that drive them requires further 

investigation. 

5.1.4. Limitations of the prior literature and the necessity of its reexamination 

While these data suggest a direct effort by neurons to regulate peripheral T cell 

differentiation, the same NR has also been implicated in the development and migration of 

T cells 345-347. In addition to these pleiotropic effects on different subsets or developmental 
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stages of T cells, adrenergic stimulation can also impact T cells indirectly – because of 

their effects on innate immune cells. β2AR receptors are expressed on DCs, Innate 

Lymphoid cells (ILC) etc. leading to sympathetic control of many innate immune 

functions302,348,349. This complex interplay of signals acting on different cells of the immune 

system, just from a single agonist-NR combination, highlights the challenges inherent in 

deciphering how and when neuronal stimulation can impact acute and chronic immune 

responses. Innate cells (such as DC) are critical not only for T cell activation but also for 

the programs of differentiation and migration that follow for days later. Indeed subtle 

changes in the function of such innate cells can (indirectly) affect T cell fate quite 

substantially350,351 – even when T cells are not directly regulated by neural stimuli. This 

distinction can be important in several areas relevant to understanding the mechanics of 

neuro–immune communication and eventually to the development of therapeutic 

approaches that have antigen-specific versus broad-acting effects. 

The mechanistic distinction between a direct effect of neurotransmitters on T cells 

vs indirect regulation of T cell biology via effects on innate cells can lead to fundamentally 

different models of the role of nervous-immune communication. The key difference is 

whether or not a new signaling paradigm (from the nervous system to the immune cell) is 

required to understand the regulatory process operating there. If the effect on T cell fate is 

indirect, then the NR signaling in T cells is not likely relevant. Once we understand the 

effect on the innate cell, it should be trivial to extrapolate from that onto what would be the 

impact on T cells. For instance, the amounts of cytokines (e.g. IL-12, TNF, IL-6 etc.) or 

costimulatory molecules (e.g. B7, CD40 etc.) expressed by DC have reasonably predictable 

consequences on T cells. A direct effect on T cells, however, raises important questions on 
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how the NR signals affect T cells. Since different NRs (even for related neurotransmitters) 

can transmit quite distinct signals, the first challenge is to understand which of the 185 

possible mammalian NR genes can be expressed by T cells. Ideally, the expression data 

should come from a pure population of T cells (to categorically rule out contamination by 

innate cells) and incorporate changes that happen to the T cell transcriptome following 

activation and differentiation to an antigenic stimulation. Further, many of the studies 

describing functional consequences of NR signaling through 2AR used whole animal KO 

or in vivo agonist/antagonist experimental designs, which cannot distinguish between 

direct and indirect consequences of adrenergic signaling. A careful approach using purified 

T cell populations is necessary to truly parse out the role for NR signaling in modulating T 

cell behavior. 

5.2. Results 

5.2.1. Peripheral T cells express a limited subset of Neurotransmitter receptors (NR) 

There are currently 185 transcripts reported in the NCBI gene database to encode 

NRs, which are expressed in a variety of tissues (primarily neuronal). In order to evaluate 

which ones are expressed in T cells, we took two parallel approaches – one using a 

bioinformatics strategy to mine publicly available gene expression data for different T cell 

subpopulations and the other to validate these signatures using a combination of FACS 

sorting and mRNA isolation. In terms of developing an NR-expression map for T cells, a 

key concern is the purity of the cells used for analysis of the transcripts, since a small 

number of other cell types could easily impact our interpretation. In this context, one of the 

best curated datasets available for bioinformatic analysis come from the Immunological 

Genome Project (ImmGen) – a multicenter collaboration that utilizes highly standardized 
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protocols to generate genome-wide microarray-based expression data from FACS-purified 

mouse immune cell populations across a broad array of developmental stages, functional 

states, and tissue sources. We first extracted the ImmGen data for naïve (CD44lo) and 

memory (CD44hi) CD4 and CD8 T cell populations from the spleen and subcutaneous 

lymph nodes (scLN) of B6 mice, as well as splenic CD25+Foxp3+ T Regulatory cells 

(Treg), to probe for expression of the 185 NR transcripts. As with any transcriptomic 

analysis, the precise signal detection cutoffs used to identify expressed or non-expressed 

genes is critical. Adapting from the ImmGen recommendations, we used two different 

cutoff values of 40 and 100 (see Chapter 2). Using a value of 100, we find that mouse T 

cells, irrespective of lineage or activation status, could express only 26 of the possible 185 

NR genes (Summarized in Fig. 5.2A). The expression of these 26 genes was also different 

in each subset of T cells – i.e. naïve, memory, Treg etc. (Fig. 5.2A).  Nearly half of these 

(12 of 26) were expressed by all the T cell subsets examined – but the remaining had an 

intricate pattern of subset specific expression (Fig. 5.2A-C; Tables 5.2-5.3). These include 

previously reported NRs – albeit whose T-cell-subset-specific quantitative differences 

were not necessarily appreciated before. Some of these are consistent with published 

literature 328,341,346,352,353. Among CD4 T cells, naïve cells show high expression of the 2 

adrenergic receptor Adrb2. This is downregulated in T cells with an activated phenotype 

(~3-fold and 1.67-fold in CD4 memory and Treg) cells. This differential expression is not 

apparent in CD8 cells as both naïve and memory populations show intermediate expression 

of this receptor. Another receptor which shows a subset-dependent pattern of transcription 

is the VIP receptor Vipr1. In this case memory T cells show nearly 4-fold downregulation 

of the receptor relative to naïve T cells and expression drops to below the cutoff levels 
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among Treg. The expression of the cannabinoid receptor Cnr2 is enriched in CD8 cells 

compared to CD4 - with greater expression among naïve T cells than memory. Among 

purinergic receptors, the adenosine receptor Adora2a shows enrichment in both CD4 and 

CD8 memory populations as well as Treg. The ATP-gated ion channel P2rx7 also shows 

upregulation among CD4 memory and Treg but its expression is absent in CD8 cells. The 

metabotropic lysophosphatidic acid receptor Lpar6 (also known as P2ry5) is highly 

expressed in both lineages but it is enriched among scLN derived populations compared 

with splenic cells (Fig. 5.2B).  
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Figure 5.2. T cells express a limited diversity of neurotransmitter receptors in a subset-specific 

fashion. 

(A) Overview of NR expression by different T cell subsets, summarized from the analysis of ImmGen 

datasets discussed below. Numbers in brackets next to each subset label indicates the total number NRs found 

in each T cell fraction, above the ImmGen threshold of expression. Note, Treg and effector CD8 T cell 

populations were not included in this diagram. (B-C, next page) ImmGen datasets of mRNA levels in 

different T cell subsets were retrieved and analyzed for NR expression using recommended statistical criteria. 

Normalized signal intensity of NR genes expressed by CD4 (B) and CD8 (C) T cell populations that are 

either naïve (“n” - filled circles and squares) or memory (“m” – open circles and squares) are shown, T cells 

were either from the subcutaneous lymph nodes (“scLN” - circles) or spleen (“sp” - squares). In addition, T 

cells from the spleens of a reporter strain expressing GFP in Treg (Foxp3-GFP) was used by ImmGen to 

analyze gene expression in naïve CD4+ cells (filled diamonds, cells negative for Foxp3 expression) or 

Foxp3+ CD4 Treg (open diamonds). Dotted line represents expression cutoff of 100 (see Methods). All data 

points represent average signal intensity from 2-4 biological replicates. Statistical comparisons are included 

in Tables 5.4 and 5.5. Reprinted with permission from Rosenberg & Singh, 2019354 

  

A 
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Table 5.2. NR expression by T cells using restrictive thresholding (100) of ImmGen data 

Reprinted with permission from Rosenberg & Singh, 2019354 

 

 

 

  

 Gene 

Symbol

CD4+ 

naïve

CD4+ 

memory

CD4+ 

naïve

CD4+ 

memory

CD4+ 

naïve 

(Foxp3-)

Treg

CD8+ 

naïve

CD8+ 

memory

CD8+ 

naïve

CD8+ 

memory

Adora2a 110.03 158.75 126.99 272.24 172.58 159.51 103.86 200.30

Adra1d 100.71 107.51 104.57 123.56 129.34 145.86 108.46

Adrb1 100.32 123.44

Adrb2 360.41 135.28 398.67 124.81 342.76 207.50 260.13 178.80 225.69 215.17

Agtr1b 106.01 114.36

Avpr2 100.16 104.17 106.93 100.94 113.89

Bdkrb2 105.38 119.38 106.74

Chrm1 109.22 132.66 107.53 104.35 125.88 132.08 116.24 165.39 136.21 113.82

Cnr2 123.21 125.69 136.77 111.80 108.92 307.00 183.39 263.10 198.21

Drd4 111.51 109.14 113.99 132.55 100.75

Gabbr1 131.03 138.63 174.22 195.04 119.20 158.49 173.57 141.99 132.18 172.11

Gabrr2 102.77

Ghrhr 109.29 104.62 113.46 117.36 117.40 110.44

Grik5 102.36 124.18 135.41

Grm2 114.68 134.61 120.06 154.51 137.16 101.17

Hrh2 111.54 107.07 103.38 100.87 113.41 109.70 135.72 109.92 127.37

Lpar6 397.12 442.19 511.35 667.32 313.48 243.32 463.28 336.28 296.69 379.55

Ogfr 552.93 595.06 494.67 525.60 390.57 406.54 544.59 461.23 396.49 400.01

Oprd1 118.49 109.85

P2rx4 139.35 100.71 155.71 128.75 115.35 149.65 117.46

P2rx7 302.39 142.22 495.21 375.72

Ramp1 134.15 124.98 108.01 109.46 152.96 119.81

Sigmar1 259.18 170.52 355.98 163.21 257.99 205.53 282.68 236.98 219.97 228.54

Tspo 456.25 321.36 466.26 352.79 348.52 287.30 404.88 243.49 330.97 311.13

Vipr1 615.95 224.36 508.15 135.55 470.45 326.40 249.52 273.61 296.09

Lymph node 

(subcutaneous)
Spleen

Lymph node 

(subcutaneous)
Spleen
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Table 5.3. NR expression by T cells using inclusive thresholding (40) of ImmGen data. 

Reprinted with permission from Rosenberg & Singh, 2019354 

 

 Gene 

Symbol

CD4+ 

naïve

CD4+ 

memory

CD4+ 

naïve

CD4+ 

memory

CD4+ 

naïve 

(Foxp3-)

Treg
CD8+ 

naïve

CD8+ 

memory

CD8+ 

naïve

CD8+ 

memory

Adora1 55.08 52.63 46.89 51.73 57.31 56.90 51.31 63.07 64.07 52.55

Adora2a 110.03 158.75 126.99 272.24 96.26 172.58 97.59 159.51 103.86 200.30

Adora2b 45.89 50.96 47.96 41.57 52.49 54.84 41.63

Adra1a 44.82 41.89 42.39 65.29 46.99

Adra1b 50.14 58.56 48.22 46.82 59.06 59.63 50.92 71.49 63.32 54.85

Adra1d 100.71 107.51 97.59 98.82 104.57 123.56 95.89 129.34 145.86 108.46

Adra2a 59.08 71.48 53.25 58.79 63.73 61.75 57.76 81.35 68.98 58.13

Adra2b 42.40 53.04 41.73 45.25 49.57 60.84 41.87 58.94 55.33 44.06

Adra2c 48.04 66.06 46.22 42.66 53.82 60.46 46.72 74.53 56.15 49.58

Adrb1 88.70 100.32 77.06 89.47 88.68 98.03 89.50 123.44 90.97 90.56

Adrb2 360.41 135.28 398.67 124.81 342.76 207.50 260.13 178.80 225.69 215.17

Agtr1a 40.57 42.53 45.60 42.37

Agtr1b 81.45 85.71 70.25 72.27 95.34 95.88 80.39 106.01 114.36 71.36

Avpr1a 42.95 42.64 42.84 41.06

Avpr2 100.16 88.61 99.78 95.79 104.17 106.93 98.26 85.93 100.94 113.89

Bdkrb1 50.63 57.76 49.83 52.63 48.21 61.04 47.67 66.74 51.50 53.38

Bdkrb2 99.31 105.38 74.81 92.28 80.06 97.31 76.72 119.38 106.74 79.71

Cckar 44.46 40.61

Chrm1 109.22 132.66 107.53 104.35 125.88 132.08 116.24 165.39 136.21 113.82

Chrm4 50.65 76.76 47.66 68.17 46.08 73.47 41.49 69.78 48.95 48.58

Chrm5 42.90 43.70

Chrna1 45.59 41.14

Chrna2 41.41

Chrna3 46.13

Chrna4 60.41 68.70 47.12 56.60 60.74 70.21 57.70 85.68 76.54 62.40

Chrna7 42.50 44.30 44.13 43.53 48.51 47.12 43.69

Chrna9 42.76 42.36 41.43 46.23 42.41 46.36 44.79

Chrnb1 53.47 57.92 47.35 46.87 52.09 60.31 56.50 66.97 72.17 54.27

Chrnb2 63.44 60.90 53.76 50.66 64.24 71.73 58.15 75.75 61.60 58.77

Chrnb4 66.03 75.61 62.76 65.25 73.14 73.85 64.84 87.07 98.86 62.78

Chrnd 52.29 43.94 43.76 46.60 47.98 48.67 41.64

Chrne 44.93 48.37 45.17 47.14 47.46 49.46 44.83 59.05 46.08 51.51

Chrng 59.05 57.41 51.17 53.24 65.70 65.29 58.03 76.94 83.61 59.44

Cnr2 123.21 92.86 125.69 136.77 111.80 108.92 307.00 183.39 263.10 198.21

Crhr1 61.62 71.23 56.80 59.32 71.22 69.91 62.27 72.84 63.04 64.75

Crhr2 40.09 42.63 42.79 44.98 54.73 44.22

Drd1 55.76 67.75 55.56 60.94 68.06 77.99 48.77 79.67 73.87 64.14

Drd2 44.01 48.70 45.79

Drd3 41.07

Drd4 98.06 111.51 85.36 85.39 109.14 113.99 94.86 132.55 100.75 93.86

Gabbr1 131.03 138.63 174.22 195.04 119.20 158.49 173.57 141.99 132.18 172.11

Gabbr2 45.59 51.00 42.19 43.36 48.12 44.37 44.73 62.88 50.28 45.95

Gabrb3 42.89 49.57 41.57 47.43 52.34 55.24 42.14 60.13 55.88 48.69

Gabrd 71.08 76.25 61.93 59.49 70.62 74.10 63.52 95.64 83.61 71.68

Gabrr2 102.77 77.76 90.24 64.77 97.20 84.83 81.47 86.93 98.85 81.75

Galr2 59.26 65.04 58.58 52.34 63.26 60.62 56.11 67.90 64.56 59.43

Gcgr 49.51 51.47 43.53 45.41 46.57 53.66 47.34 45.77 54.54 48.84

Ghrhr 99.12 109.29 96.99 104.62 96.21 113.46 87.89 117.36 117.40 110.44

Lymph node 

(subcutaneous)
Spleen

Lymph node 

(subcutaneous)
Spleen
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Table 5.3. NR expression by T cells using inclusive thresholding (40) of ImmGen data (cont.).  

Glp1r 40.14 43.36 40.39 54.83 44.77

Glp2r 46.31 40.29

Gria3 50.03

Grid1 40.46 40.27 48.59

Grik3 46.41 52.07 42.40 44.72 53.79 50.81 45.99 65.09 60.23 46.59

Grik4 42.98

Grik5 75.36 102.36 78.23 124.18 48.12 135.41 60.31 85.28 68.36 66.33

Grin1 49.70 54.60 43.42 49.14 49.66 44.20 45.12 65.02 58.35 46.19

Grin2b 43.88

Grin2c 47.76 42.11 47.53 46.16 51.99 40.03 57.67 44.23 46.85

Grin2d 52.06 54.23 46.40 47.89 50.62 52.04 48.53 55.97 60.23 50.28

Grin3a 40.53 41.77 44.48

Grin3b 81.01 83.18 74.65 76.54 88.61 84.67 79.23 91.67 91.91 71.59

Grm1 50.08 40.10 50.24 47.02 53.50 50.41 43.80

Grm2 98.96 114.68 84.69 95.54 134.61 120.06 93.88 154.51 137.16 101.17

Grm4 51.16 54.99 46.60 46.62 54.47 53.70 49.74 61.48 61.24 48.53

Grm5 41.68 40.42 46.86 40.52 43.00

Grm6 61.89 65.33 59.43 48.37 65.23 62.76 58.66 76.61 84.70 53.31

Hcrtr1 54.02 55.17 49.31 47.94 56.80 55.83 47.75 68.25 60.60 54.81

Hrh1 90.36 84.18 81.07 71.83 94.99 93.76 81.96 98.56 93.40 90.79

Hrh2 111.54 92.11 107.07 103.38 100.87 113.41 109.70 135.72 109.92 127.37

Hrh3 44.50

Htr1a 43.39 43.53

Htr1b 42.52 47.75 40.12 40.83 48.68 45.35 52.95 48.39 44.87

Htr1f 55.11 64.02 48.22 49.90 60.94 56.84 47.49 71.47 56.77 51.98

Htr2a 50.77 43.78

Htr3b 40.79

Htr4 42.34 48.11 45.45 42.78 46.81 43.78 51.39 53.39 46.51

Htr5a 48.08 45.95 42.35

Htr5b 48.43 44.31

Htr6 55.39 52.81 52.52 54.28 56.29 62.88 45.79 55.09 44.60 60.74

Lpar6 397.12 442.19 511.35 667.32 313.48 243.32 463.28 336.28 296.69 379.55

Nmur1 57.43 65.21 56.54 63.89 64.63 71.93 54.99 74.87 62.36 68.48

Ntsr1 42.08 43.93 47.89 40.64

Ntsr2 76.81 81.96 70.24 76.72 74.59 89.09 77.94 94.80 76.54 74.03

Ogfr 552.93 595.06 494.67 525.60 390.57 406.54 544.59 461.23 396.49 400.01

Oprd1 94.29 99.28 77.24 81.80 88.34 90.89 88.15 118.49 109.85 86.15

Oprm1 40.18 42.98

Oxtr 44.63 40.79 41.83 40.45 54.64 45.47

P2rx2 40.49 47.70

P2rx3 40.20 41.53

P2rx4 139.35 100.71 155.71 128.75 115.35 149.65 117.46 82.71 88.63 91.30

P2rx5 62.35 61.84 49.41 50.81 65.15 67.64 58.64 66.08 67.24 60.95

P2rx6 55.39 51.75 45.11 49.02 53.68 48.03 48.31 69.97 60.86 48.79

P2rx7 96.88 302.39 142.22 495.21 96.79 375.72 62.82 73.96 64.80 72.41

P2ry1 41.58 66.57 41.85 50.84 45.18 41.62 62.26 47.25 40.28

P2ry13 44.09 40.32

P2ry2 47.91 40.47

P2ry6 40.46 45.55 42.48 43.96 46.70 42.36 48.55 41.23 43.44

Prokr1 43.18 40.62

Prokr2 41.06 44.40

Ramp1 134.15 96.83 124.98 108.01 109.46 83.89 152.96 43.86 119.81 52.19

Sctr 70.02 73.36 66.75 58.92 63.86 78.34 63.35 73.44 76.56 65.88

Sigmar1 259.18 170.52 355.98 163.21 257.99 205.53 282.68 236.98 219.97 228.54
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Table 5.3. NR expression by T cells using inclusive thresholding (40) of ImmGen data (cont.).  

Sstr1 40.90 40.77 44.68 46.08

Sstr2 41.04 43.24 40.92 49.19 43.10

Sstr3 66.64 71.12 54.80 63.01 67.13 66.31 54.11 81.69 80.74 61.67

Sstr4 72.53 81.16 65.32 69.81 73.70 72.61 68.98 98.76 75.15 74.26

Sstr5 40.75 44.75

Tacr1 41.61 41.27 40.54 41.62 51.23

Tacr2 48.53 40.16

Trhr2 53.11 54.95 53.90 54.06 49.77 70.85 49.82 67.72 59.83 56.24

Tspo 456.25 321.36 466.26 352.79 348.52 287.30 404.88 243.49 330.97 311.13

Vipr1 615.95 224.36 508.15 135.55 470.45 68.05 326.40 249.52 273.61 296.09
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Table 5.4. Statistical assessment of NR expression in T cells of ImmGen data. 

For each population listed, expression of the indicated gene was compared to Adad1 (a testes specific gene 

not expressed in T cells) using a Student’s T-test with resulting p-value displayed. p-values  0.05 are 

highlighted in grey. Only genes that met the threshold criteria of 100 (see Chapter 2) are included in the table 

(see Table 5.1 for normalized expression values). Reprinted with permission from Rosenberg & Singh, 

2019354 

 

  

 Gene 

Symbol

CD4+ 

naïve

CD4+ 

memory

CD4+ 

naïve

CD4+ 

memory

CD4+ 

naïve 

(Foxp3-)

Treg

CD8+ 

naïve

CD8+ 

memory

CD8+ 

naïve

CD8+ 

memory

Adora2a 0.0002 0.0058 0.0001 0.0001 0.1644 0.0264 0.0020 0.0009

Adra1d 1.23E-05 0.0026 0.0066 0.0688 0.0025 0.0615 0.0085

Adrb1 0.0050 0.0004

Adrb2 0.0095 0.0009 0.0018 0.0219 0.0054 0.0388 0.0055 0.0077 0.0071 0.0209

Agtr1b 9.73E-06 0.0632

Avpr2 0.0008 0.0096 0.0214 0.0035 0.0128

Bdkrb2 0.0023 0.0147 0.0314

Chrm1 0.0004 0.0015 0.0010 0.0028 0.0015 0.0204 0.0011 0.0083 0.0071 0.0083

Cnr2 0.0103 0.0017 0.0093 0.0196 0.0231 0.0061 0.0242 0.0031 0.0031

Drd4 0.0048 0.0006 0.1193 0.0006 0.0115

Gabbr1 0.0163 0.0331 0.0001 0.0182 0.0006 0.0264 0.0003 0.0028 0.0220 0.0099

Gabrr2 0.0001

Ghrhr 0.0034 0.0044 3.46E-06 0.0004 0.0007 0.0048

Grik5 0.0002 0.0008 0.0173

Grm2 0.0212 0.0050 0.1435 0.0009 0.0237 0.0013

Hrh2 0.0035 1.05E-05 0.0002 0.0019 0.1363 0.0016 0.0023 0.0111 0.0002

Lpar6 0.0033 0.0079 0.0001 0.0154 0.0415 0.0094 0.0091 0.0043 0.0451 0.0016

Ogfr 0.0004 0.0073 0.0005 0.0006 0.0061 0.0608 0.0117 0.0119 0.0044 0.0014

Oprd1 0.0080 0.0090

P2rx4 0.0325 0.0039 0.0001 0.0022 0.0123 0.0004 0.0002

P2rx7 0.0081 0.0002 0.0029 0.0217

Ramp1 0.0130 0.0003 0.0044 0.0062 0.0064 0.0086

Sigmar1 0.0058 0.0437 0.0003 0.0394 0.0000 0.0020 0.0015 0.0176 0.0061 0.0050

Tspo 0.0001 0.0290 0.0004 0.0290 0.0038 0.0029 0.0037 0.0122 0.0015 0.0177

Vipr1 0.0036 0.0009 0.0001 0.0048 0.0032 0.0027 0.0020 0.0005 0.0021

Lymph node 

(subcutaneous)
Spleen

Lymph node 

(subcutaneous)
Spleen
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Table 5.5. Statistical comparison of NR expression between T cell subsets of ImmGen data. 

For the indicated tissue and population comparisons, differential gene expression was determined using a 

Student’s T-test. p-values < 0.05 are highlighted in grey. Genes for which at least one population met the 

threshold value of 100 (see Chapter 2 and Table 5.2) are displayed. Reprinted with permission from 

Rosenberg & Singh, 2019354 

 

  

scLN scLN Spleen

 Gene 

Symbol

Foxp3+ 

vs Foxp3-

Adora2a 0.0371 4.63E-07 0.2977 0.0992 0.0006

Adra1d 0.3033 0.2809 0.0538 0.3502

Adrb1 0.2598 0.0400

Adrb2 0.0196 0.0021 0.0184 0.0262 0.7764

Agtr1b 0.0412 0.2039

Avpr2 0.4098 0.7909 0.3828

Bdkrb2 0.3837 0.0568 0.2265

Chrm1 0.0231 0.7178 0.4320 0.0552 0.2148

Cnr2 0.0953 0.4954 0.8471 0.0229 0.0382

Drd4 0.3430 0.8208 0.0426 0.6124

Gabbr1 0.7872 0.4753 0.0228 0.0283 0.1586

Gabrr2 0.0728

Ghrhr 0.2413 0.5877 0.1135 0.0184 0.4808

Grik5 0.0074 0.0003 0.0011

Grm2 0.3744 0.6214 0.0027 0.1898

Hrh2 0.0712 0.2179 0.6271 0.0349 0.2621

Lpar6 0.3714 0.1910 0.3678 0.0771 0.2946

Ogfr 0.4845 0.3784 0.7618 0.3293 0.9151

Oprd1 0.1101 0.1472

P2rx4 0.2091 0.0152 0.0883 0.0521

P2rx7 0.0145 0.0038 0.0019

Ramp1 0.0849 0.0959 0.1628 0.0047 0.0241

Sigmar1 0.0915 0.0072 4.32E-05 0.2506 0.7298

Tspo 0.1215 0.1773 0.0978 0.0092 0.6735

Vipr1 0.0066 2.70E-05 0.0039 0.0222 0.2487

Spleen

CD4+ memory vs 

naïve

CD8+ memory vs 

naïve
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5.2.2. Validation of NR expression in FACS-sorted T cells. 

In order to independently validate the expression patterns we observed in the 

ImmGen dataset, we then used two independent approaches (RTPCR and NanoString) to 

measure expression in Flow-Sorted primary T cells. We first FACS-purified CD4 naïve 

(CD44lo), CD4 memory (CD44hi), Treg (CD25hi) and CD8 populations to >95% purity 

(Fig. 5.3-5.4). RNA isolated from these cells was analyzed using the NanoString nCounter 

system (see Table 5.6). Comparison of naïve CD4 and CD8 T cells (Fig. 5.5A-B) shows 

that of the 21 NR transcripts detected, 15 were less than 2-fold different between the two 

populations. Consistent with ImmGen, there were small but statistically significant 

increases in Cnr2 expression (2.3-fold, p=7e-5) by naïve CD8 T cells while naïve CD4 T 

cells had a 1.6-fold (p=5e-5) higher level of Adrb2 and 2.3-fold (p=0.0003) higher Vipr1. 

A more substantial difference was observed for the ionotropic glutamate receptor Gria3 

among the CD8 population (13.7-fold, p=0.0008) apparent using NanoString analysis (Fig. 

5.4A-B). Although CD8 expression of Gria3 has been previously reported355,356 this degree 

of difference was not initially flagged in the ImmGen data (Fig. 5.2C). So we examined if 

this was because of the increased sensitivity of NanoString method compared to the 

microarrays used by ImmGen. Consistent with this hypothesis, expression of Gria3 is 

found to be highly differential among CD8 naïve cells even in the ImmGen dataset when a 

more inclusive threshold of 47 is applied (Table 5.1, Chapter 2). 

The differences between naïve and memory CD4 T cells in terms of NR expression 

as assayed by NanoString also validate the ImmGen profile (Fig. 5.5C-D). An upregulation 

of Adora2a (2.5-fold, p=0.0026) and P2rx7 (7.0-fold, p=0.0003) by CD4 memory cells 

compared with naïve as well as significant downregulation of Adrb2 (2.4-fold, p=5e-5) and 
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Vipr1 (4.4-fold, p=6e-5) receptors is notable. Interestingly, this analysis identified the 

histamine receptor Hrh4 and purinergic receptor P2ry1 as being uniquely expressed by the 

CD4 memory T cell population. Significant downregulation (5.5-fold, p=0.0049) of 

Gabrr2 encoding the GABAA-ρ2 receptor and the significant enrichment of the muscarinic 

acetylcholine receptor Chrm4 among CD4 memory (5.9-fold, p=0.016) and Treg (3.8-fold, 

p=0.037; Fig. 5.5E-F) populations was also observed. Also, consistent with ImmGen data, 

Treg cells (Fig. 5.5E-F) uniquely downregulated Vipr1 27-fold (p=0.0014). Finally, these 

trends were further confirmed using RT-qPCR (Fig. 5.6). Utilizing these two techniques 

allowed us to provide robust validation for the NR expression patterns of naïve, memory, 

and regulatory T cells determined by ImmGen but also to identify some expressed receptors 

that may have eluded detection in the microarray analyses (Fig. 5.2). 
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Figure 5.3. FACS gating strategy for isolating T cell subsets. 

Lymph nodes and spleens from 4 B6 mice were collected and pooled. Live, mononuclear cells were separated 

using ficoll density centrifugation. T cells were enriched using magnetic, negative selection with Dynabeads 

targeting CD11b, B220, NK1.1, and MHCII. Enriched T cells were then FACS-purified into the four subsets 

below. The gating strategy for FACS from a representative sample is shown. Collected fractions were 1) 

CD8+, 2) CD4+CD25hi, 3) CD4+CD25loCD44hi, and 4) CD4+CD25loCD44lo. Reprinted with permission 

from Rosenberg & Singh, 2019354 
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Figure 5.4. Post-sort purities of isolated T cell populations. 

Four T cell populations were FACS-purified from B6 lymph node and spleens as described in Figure 5.3. 

Post-sort purities from a representative FACS sample are shown. Collected fractions were 1) CD8+, 2) 

CD4+CD25hi, 3) CD4+CD25loCD44hi, and 4) CD4+CD25loCD44lo. Reprinted with permission from 

Rosenberg & Singh, 2019354  
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Figure 5.5. Quantitative comparison of NR expression by flow-sorted primary T cell subsets. 

Cells from four B6 mice were pooled and FACS purified into the indicated populations as described in Figure 

5.3. Volcano (A,C,E) and scatterplots (B,D,F) representing transcript levels of NR genes in sorted T cell 

populations measured by NanoString RNA count analysis. Fold change of CD8 (A,B), CD4 memory (C,D), 

and Treg (E,F) populations as compared to CD4 naïve. Data includes 3 biological replicates. Red and blue 

lines (B,D,F) indicate 2-fold enrichment in respective populations. Reprinted with permission from 

Rosenberg & Singh, 2019354 

 

  

A B 

C D 

E F 



160 

 

 

 

Figure 5.6. NR expression differences between T cell subsets are verified by qPCR. 

Cells from four B6 mice were pooled and FACS purified into the indicated populations as described in Figure 

5.3. Relative transcript levels of NR genes in sorted T cell populations by RT-qPCR using the Qiagen RT2 

Profiler PCR Array Mouse Neurotransmitter Receptors kit, normalized to house-keeping genes (Actb, B2m, 

Gapdh, Gusb, Hsp90ab1; geometric mean Ct for all 5 genes). Displayed as mean ± SD. Data includes 4 

biological replicates. * p<0.05 using Student’s T-test. Reprinted with permission from Rosenberg & Singh, 

2019354 
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Table 5.6. Complete NanoString gene list and probe details.  

Gene Name Accession Target Position Tot Isoforms # Hit Isoforms Not Hit By Probe Off Target

1 Adora1 NM_001008533.3 1604-1703 6 6

2 Adora2a NM_009630.2 2307-2406 5 5

3 Adora2b NM_007413.4 1095-1194 1 1

4 Adora3 NM_009631.4 574-673 1 1

5 Adra1a NM_001271760.1 477-576 13 13

6 Adra1b NM_007416.3 2666-2765 4 4

7 Adra1d NM_013460.4 2002-2101 1 1

8 Adra2a NM_007417.4 3595-3694 1 1

9 Adra2b NM_009633.3 3473-3572 1 1

10 Adra2c NM_007418.3 2539-2638 1 1

11 Adrb1 NM_007419.2 1962-2061 1 1

12 Adrb2 NM_007420.2 681-780 1 1

13 Adrb3 NM_013462.3 977-1076 6 6

14 Agtr1a NM_177322.3 1668-1767 3 3

15 Agtr2 NM_007429.4 986-1085 2 2

16 Avpr1a NM_016847.2 1936-2035 1 1

17 Avpr1b NM_011924.2 3333-3432 1 1

18 Avpr2 NM_001276298.1 1191-1290 5 5

19 Bdkrb1 NM_007539.2 11-110 1 1

20 Bdkrb2 NM_009747.2 165-264 3 3

21 Brs3 NM_009766.3 9-108 1 1

22 Calcr NM_001042725.1 806-905 4 4

23 Cckar NM_009827.2 2266-2365 2 2

24 Cckbr NM_007627.4 1815-1914 3 3

25 Chrm1 NM_007698.3 4146-4245 2 2

26 Chrm2 NM_203491.3 616-715 2 2

27 Chrm3 NM_033269.2 1791-1890 2 2

28 Chrm4 NM_007699.2 733-832 3 3

29 Chrm5 NM_205783.2 1646-1745 2 2

30 Chrna1 NM_007389.4 3771-3870 1 1

31 Chrna10 NM_001081424.1 541-640 3 3

32 Chrna2 NM_144803.2 1575-1674 4 4

33 Chrna3 NM_145129.2 566-665 1 1

34 Chrna4 NM_015730.5 2876-2975 2 2

35 Chrna5 NM_176844.4 1283-1382 2 2

36 Chrna6 NM_021369.2 2161-2260 1 1

37 Chrna7 NM_007390.3 336-435 1 1

38 Chrna9 NM_001081104.1 386-485 7 4 XR_868285.1;XR_376992.2;XR_868283.2

39 Chrnb1 NM_009601.4 657-756 4 4

40 Chrnb2 NM_009602.4 4471-4570 1 1

41 Chrnb3 NM_027454.4 1417-1516 2 2

42 Chrnb4 NM_148944.4 2036-2135 3 3

43 Chrnd NM_021600.2 2341-2440 1 1

44 Chrne NM_009603.1 931-1030 3 3

45 Chrng NM_009604.3 231-330 2 2

46 Cnr1 NM_007726.3 2206-2305 7 7

47 Cnr2 NM_009924.3 2651-2750 2 2

48 Crhr1 NM_007762.4 1749-1848 8 7 XR_001779871.1

49 Crhr2 NM_009953.3 2231-2330 5 5

50 Drd1 NM_010076.3 1786-1885 2 2

51 Drd2 NM_010077.2 631-730 2 2

52 Drd3 NM_007877.1 706-805 2 2

53 Drd4 NM_007878.2 1216-1315 3 3

54 Drd5 NM_013503.2 1761-1860 1 1

55 Gabbr1 NM_019439.3 1367-1466 3 3

56 Gabbr2 NM_001081141.1 2291-2390 1 1

57 Gabra1 NM_010250.4 906-1005 5 5

58 Gabra2 NM_008066.3 1783-1882 2 2

59 Gabra3 NM_008067.4 2146-2245 4 4

60 Gabra4 NM_010251.2 1121-1220 3 3

61 Gabra5 NM_176942.4 2443-2542 6 5 XM_006540557.3

62 Gabra6 NM_001099641.1 1343-1442 4 4

63 Gabrb1 NM_008069.4 1631-1730 2 2

64 Gabrb2 NM_008070.3 4336-4435 4 4

65 Gabrb3 NM_008071.3 4201-4300 2 2

66 Gabrd NM_008072.2 476-575 2 2

67 Gabre NM_017369.2 1621-1720 6 3 XR_878092.1;XM_011247523.1;XM_011247526.2

68 Gabrg1 NM_010252.4 386-485 4 4

69 Gabrg2 NM_177408.5 1614-1713 4 4

70 Gabrg3 NM_008074.2 1445-1544 2 2

71 Gabrp NM_146017.3 485-584 2 2

72 Gabrq NM_020488.1 866-965 4 4

73 Gabrr1 NM_008075.2 1835-1934 3 3

74 Gabrr2 NM_008076.3 771-870 3 3

75 Gabrr3 NM_001081190.1 636-735 1 1

76 Galr1 NM_008082.2 2331-2430 1 1

77 Galr2 NM_010254.4 1721-1820 4 1 XM_011248728.2;XM_011248727.2;XM_011248729.2

78 Galr3 NM_015738.2 839-938 1 1

79 Gcgr NM_008101.2 1311-1410 10 10

80 Ghrhr NM_001003685.3 933-1032 1 1
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Table 5.6. Complete NanoString gene list and probe details (cont.).  

81 Glp1r NM_021332.2 408-507 1 1

82 Glp2r NM_175681.3 1109-1208 3 3

83 Glra1 NM_020492.3 623-722 2 2

84 Glra2 NM_183427.4 2291-2390 5 5

85 Glra3 NM_080438.2 757-856 2 2

86 Glrb NM_010298.5 705-804 17 17

87 Gnrhr NM_010323.2 313-412 4 4

88 Gria1 NM_001252403.1 2477-2576 6 6

89 Gria2 NM_001039195.1 301-400 21 21

90 Gria3 NM_016886.3 391-490 9 9

91 Gria4 NM_001113180.1 1275-1374 16 16

92 Grid1 NM_008166.2 1437-1536 5 5

93 Grid2 NM_008167.2 661-760 2 2

94 Grik1 NM_010348.3 1336-1435 13 13

95 Grik2 NM_010349.2 257-356 13 13

96 Grik3 NM_001081097.2 6365-6464 3 3

97 Grik4 NM_175481.5 959-1058 8 8

98 Grik5 NM_008168.2 2773-2872 4 4

99 Grin1 NM_008169.2 493-592 8 8

100 Grin2a NM_008170.2 1789-1888 3 3

101 Grin2b NM_008171.3 6341-6440 7 7

102 Grin2c NM_010350.2 2409-2508 14 14

103 Grin2d NM_008172.2 1202-1301 10 10

104 Grin3a NM_001033351.1 1333-1432 4 4

105 Grin3b NM_130455.2 2031-2130 5 5

106 Grm1 NM_001114333.2 2126-2225 6 6

107 Grm2 NM_001160353.1 2771-2870 1 1

108 Grm3 NM_181850.2 2526-2625 1 1

109 Grm4 NM_001013385.1 823-922 8 6 XM_006524320.3;XM_017317482.1

110 Grm5 NM_001143834.1 4243-4342 4 4

111 Grm6 NM_173372.2 3451-3550 4 4

112 Grm7 NM_177328.3 1296-1395 13 13

113 Grm8 NM_008174.2 1771-1870 8 8

114 Grpr NM_008177.2 305-404 1 1

115 Hcrtr1 NM_001163027.1 1721-1820 6 6

116 Hcrtr2 NM_198962.3 686-785 1 1

117 Hrh1 NM_001252642.1 1453-1552 7 7

118 Hrh2 NM_001010973.2 1245-1344 6 6

119 Hrh3 NM_133849.3 833-932 3 3

120 Hrh4 NM_153087.2 435-534 3 2 XM_017317874.1

121 Htr1a NM_008308.4 3171-3270 1 1

122 Htr1b NM_010482.1 626-725 1 1

123 Htr1d NM_008309.5 2499-2598 7 7

124 Htr1f NM_008310.3 1006-1105 1 1

125 Htr2a NM_172812.2 743-842 1 1

126 Htr2b NM_008311.2 1057-1156 4 4

127 Htr2c NM_008312.2 1991-2090 2 2

128 Htr3a NM_013561.2 523-622 3 3

129 Htr3b NM_020274.4 1091-1190 1 1

130 Htr4 NM_008313.4 163-262 9 9

131 Htr5a NM_008314.2 1697-1796 2 2

132 Htr6 NM_021358.2 565-664 2 2

133 Htr7 NM_008315.2 2306-2405 5 5

134 Lpar4 NM_175271.4 677-776 1 1

135 Lpar6 NM_175116.4 731-830 1 1

136 Nmbr NM_008703.2 865-964 1 1

137 Nmur1 NM_010341.1 955-1054 2 2

138 Nmur2 NM_153079.4 1533-1632 1 1

139 Npy1r NM_010934.4 311-410 5 5

140 Npy2r NM_001205099.1 591-690 4 4

141 Npy4r NM_008919.4 111-210 1 1

142 Npy5r NM_016708.3 725-824 3 3

143 Ntsr1 NM_018766.2 1123-1222 1 1

144 Ntsr2 NM_008747.2 1258-1357 4 4

145 Ogfr NM_031373.3 2141-2240 3 3

146 Oprd1 NM_013622.3 1407-1506 2 2

147 Oprk1 NM_001204371.1 721-820 4 4

148 Oprm1 NM_001039652.1 1197-1296 15 14 XM_017313829.1

149 Oxtr NM_001081147.1 3195-3294 2 2

150 P2rx1 NM_008771.3 1047-1146 2 2

151 P2rx2 NM_001164833.1 1435-1534 9 9

152 P2rx3 NM_145526.2 2005-2104 6 6

153 P2rx4 NM_011026.2 1656-1755 4 4

154 P2rx5 NM_033321.3 1131-1230 5 5

155 P2rx6 NM_011028.2 465-564 4 4

156 P2rx7 NM_001038839.2 379-478 5 5

157 P2ry1 NM_008772.4 921-1020 2 2

158 P2ry12 NM_027571.3 440-539 4 4

159 P2ry13 NM_028808.3 476-575 1 1

160 P2ry14 NM_001008497.2 493-592 8 8
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Table 5.6. Complete NanoString gene list and probe details (cont.). 

  

161 P2ry2 NM_008773.3 1051-1150 3 3

162 P2ry4 NM_020621.4 841-940 5 5

163 P2ry6 NM_183168.2 1406-1505 3 3

164 Prokr1 NM_021381.3 1811-1910 4 4

165 Prokr2 NM_144944.3 4187-4286 4 4

166 Sctr NM_001012322.2 1153-1252 12 12

167 Oprs1 NM_011014.3 973-1072 9 9

168 Sstr1 NM_009216.3 2046-2145 2 2

169 Sstr2 NM_009217.3 101-200 2 2

170 Sstr3 NM_009218.3 1829-1928 4 4

171 Sstr4 NM_009219.3 1205-1304 1 1

172 Sstr5 NM_001191008.1 407-506 2 2

173 Tacr1 NM_009313.5 3646-3745 4 4

174 Tacr2 NM_009314.4 19-118 1 1

175 Tacr3 NM_021382.6 931-1030 1 1

176 Trhr NM_013696.2 823-922 3 3

177 Tspo NM_009775.4 242-341 1 1

178 Vipr1 NM_011703.4 2481-2580 2 2

179 Vipr2 NM_009511.2 357-456 6 5 XM_017315044.1

HKG1 Actb NM_007393.1 816-915 1 1 also targets Lrrc58 (NM_177093) @97%

HKG2 Cd3e NM_007648.4 381-480 2 2

HKG3 Gapdh NM_008084.2 216-315 3 3
also targets multiple predicted transcripts 

and pseudogenes at high identity

HKG4 Ppia NM_008907.1 391-490 1 1

also targets a RIKEN gene, 

E030024N20Rik (NR_033228) @ 98% 

and a predicted pseudogene, Gm9234 

(XR_869917) @ 96%

HKG5 Rpl13a NM_009438.5 348-447 1 1

HKG6 Ubc NM_019639.4 22-121 1 1
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The next question is whether these maps reflect protein expression, preferably at a 

single cell level – given the possibility that not all cells within each subset express all the 

receptors associated with their population-level signature. This is challenging since the 

reagents currently available for evaluating NR proteins have not all been extensively 

validated for quantitative techniques such as flow cytometry. Nevertheless, with the limited 

reagents currently available we were able to confirm that 7 of the core signature members 

are also expressed by T cells at the protein level (Figure 5.7).   
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Figure 5.7. T cells NR at the protein level. 

Lymph nodes and spleens were collected from B6 or B10.A mice and enriched for T cells using two rounds 

of magnetic, negative selection as described in Figure 3.16. Confluent P6 Neuro-2a and P38 SH-SY5Y were 

collected from culture using trypsin. Enriched T cells and cell lines were then lysed using 2x lysis buffer. 

Brain, lung, and small intestine (SI) were collected from unperfused B6 mice, washed with normal saline, 

and underwent bead homogenization. Lysates were then prepared for western blot analysis. Western blots 

targeting Adrb2 (A), Adora2a (B), Gabrr2 (C), Vipr1 (D), Gria3 (E), Lpar6 (F), and Sigmar1 (G) encoded 

NR. Arrows or brackets indicate target band location. β-actin loading controls included below the respective 

lanes. Reprinted with permission from Rosenberg & Singh, 2019354 
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5.2.3. T cell expression of NR is dynamic with many showing rapid downregulation after 

activation. 

Given that different T cell subsets already showed a bias in expression of different 

NR transcripts, we further sought to analyze whether this pattern changes during T cell 

activation in vivo. Towards this, we used an ImmGen dataset in which ovalbumin (OVA)-

specific CD8 OT-1 T cells were sorted from mice infected with OVA-expressing Listeria 

monocytogenes (Lis-OVA) at several time points post inoculation. In this case, the OT-1 

cells are all homogenously naïve to start with and are synchronously activated by the 

inflammatory signals and antigen from the bacteria. Interestingly this strong activation did 

not seem to extend the number of NRs expressed by T cells that we saw in the steady state 

T cell population – i.e. we did not identify an activation-induced NR pattern in peripheral 

CD8 T cells. A subset of the genes we had already identified in CD8 T cells (12 of 26) did 

exhibit dynamic changes in expression during activation by the bacterial OVA, using a ≥ 

2-fold increase (Fig. 5.8A) or decrease (Fig. 5.8B) as the criteria. The adenosine receptor 

Adora2a reaches a peak expression of 2.9-fold over that of the naïve at 6 days post infection 

(dpi) and remains stably elevated through the memory phase. Conversely, Cnr2, Gria3, 

and Ramp1 show rapid downregulation within the first 24 hour of infection that remains 

low or absent (Fig. 5.8B). Multiple genes, including Adrb2, Avpr2, Gabbr1, Lpar6, and 

Vipr1, show a similar kinetic pattern also, with early downregulation before gradually 

regaining receptor expression beginning during the effector phase. Interestingly, the 

endoplasmic reticular receptor Sigmar1 (also known as Oprs1) increases expression 

acutely during the first 48 hours of infection but shows downregulation during the effector 

phase 6-15 dpi before recovering to 90% of baseline expression during the memory phase 
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(Fig. 5.8B). Of note, the naïve and 106 dpi memory populations of the single OT-1 clone 

show remarkably consistent trends as compared to bulk CD8 populations (Fig. 5.2C). 

Second, in order to evaluate this over a broad range of contexts, we identified 

datasets that profiled gene expression in FACS sorted T cells identified with different 

lineages and activation states. We extracted a dataset published by Doering et al 357 and 

Crawford et al 143 where they examined LCMV-specific T cells from a polyclonal 

repertoire after acute viral infection (Fig. 5.8C-D). C57BL/6J mice were infected with 

LCMV Armstrong and H2-Db GP33-specific CD8 T cells were sorted at the indicated times 

post infection using MHC-I tetramers. We found that the dynamics of NR expression in 

polyclonal CD8 T cells responding to the virus was largely consistent with expression 

dynamics exhibited by the transgenic OT-1 cells responding to a bacterium (Fig. 5.8A-B). 

Interestingly, Adrb2 expression increased in response to LCMV infection at the day 15 and 

day 30 time points (Fig. 5.8D). Though, in the absence of later time points during the 

memory phase, it cannot be determined whether the expression decreases to the naïve 

baseline in viral specific cells as seen in bulk resting memory cells (Fig. 5.2B, 5.8C). This 

analysis suggests that the NR expression kinetics in CD4 T cells closely resemble those of 

CD8 T cells (Fig. 5.8C-D). However, while CD8 cells downregulate Cnr2 and Gria3 

following activation, CD4 cells show constitutively low expression of these receptors. 

Conversely, while P2rx7 remains low in CD8 throughout the immune response, CD4 show 

strong induction of this receptor peaking at day 8 post infection (2.73-fold, p=0.0005) (Fig. 

5.8C). These data, comparing different cell states and different pathogens suggest that most 

of the NR expression dynamics are relatively insensitive to many overarching contexts – 
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and are relatively intrinsic to the main cell types we initially identified – naïve, memory, 

and Treg.  
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Figure 5.8. Naïve T cells modulate NR expression following activation. 

(A,B) NR expression kinetics during T cell activation in vivo. ImmGen datasets of mRNA levels in different 

T cell subsets were retrieved and analyzed for NR expression using recommended statistical criteria. ImmGen 

analyzes the mRNA levels in the ova-specific OT-1 T cells in mice that are then infected with ova-expressing 

Listeria monocytogenes.  We extracted the NR genes that show ≥2-fold increase (A) or decrease (B) 

compared to naïve cells (expression on the day of infection, day-0) are plotted. Dotted lines represent 

expression cutoffs of 100 and 40 (see Methods). Data points represent average signal intensity from 2-4 

biological replicates. Statistical comparisons are included in Table 5.7. (C,D) Microarray data from Doering 

et al, in which tetramer positive CD4+ (C) and CD8+ (D) were collected from LCMV Armstrong infected 

animals at the indicated time points (N=3-4). BRB-ArrayTools time course analysis identified 8 NR genes 

that showed significant changes using FDR<0.05. Expression normalized to d0 time point. * p<0.05 using 

Student’s T-test comparing to d0 time point. Reprinted with permission from Rosenberg & Singh, 2019354 
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Table 5.7. Statistical analysis of NR expression dynamics within ImmGen data. 

For each time point (Fig. 5.8A-B), gene expression was compared to the naïve population using a Student’s 

T-test. p-values  0.05 are highlighted in grey. Reprinted with permission from Rosenberg & Singh, 2019354 

 

  

Time 

post 

infection

Adora2a Adrb2 Cnr2 Gabbr1 Gria3 Lpar6 P2rx4 P2ry13 P2ry14 Ramp1 Sigmar1 Vipr1

12h 0.0004 0.0011 0.0059 0.0163 0.0001 0.0002 0.0608 0.0912 0.6664 0.0595 0.0150 0.0181

24hr 0.0153 0.0082 0.0029 0.0097 0.0004 0.0002 0.0168 0.0421 0.9875 0.0681 0.0046 0.0234

48hr 0.0437 0.0024 0.0033 0.0098 0.0001 0.0004 0.0200 0.7146 0.9656 0.0339 0.0021 0.0115

d6 0.0037 0.0012 0.0048 0.1471 0.0003 0.0025 0.0075 0.0224 0.1731 0.0311 0.0157 0.0146

d8 0.0106 0.0031 0.0017 0.2522 3.72E-06 0.0008 0.0023 0.0452 0.0745 0.0348 0.0041 0.0149

d10 0.0256 0.0017 0.0045 0.0380 2.26E-05 0.0079 0.0048 0.0280 0.0814 0.0264 0.0049 0.0139

d15 0.0161 0.0661 0.0052 0.8800 0.0001 0.0031 0.0029 0.0472 0.0597 0.0370 0.0059 0.0125

d45 0.2102 0.1803 0.0088 0.5636 0.0013 0.3071 0.0123 0.1037 0.1583 0.0278 0.3594 0.0229

d100 0.0629 0.1258 0.0031 0.7381 5.54E-06 0.1550 0.0056 0.0578 0.1506 0.0372 0.3559 0.0548
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Typically, after naïve T cells are activated by antigen, they differentiate into 

effector cells which participate in the clearance of the pathogen358,359. Most of these are 

short-lived effector cells (SLEC) which die off quickly360. A few of these can give rise to 

long-term memory and are known as memory precursor effector cells (MPEC). Yu et al361 

used the markers KLRG1 and IL-7R to identify these subsets in OT-1 T cells transferred 

to C57BL/6J mice infected with Lis-OVA 1 d following transfer.  8 days after infection, 

they FACS-sorted the OT-1 T cells into SLECs (KLRG1hi IL-7Rlo) and MPEC (KLRG1lo 

IL-7Rhi). We extracted the data to analyze the differential abundance of NR in these 

subsets. Only three NR showed any differences between SLECs and MPECs (Fig. 5.9). 

The authors’ primary analysis similarly identified few changes between the day 8 

precursors. Although Vipr1 is downregulated in day 8 effector cells (Fig. 5.8B,D), CD8 

MPEC show increased receptor expression (p=0.0288) compared to SLECs. Conversely 

CD4 T cells, memory cells show significantly downregulated expression of Vipr1 (Fig. 

5.2B, 5.5C,D), highlighting a potential distinction between the two lineages. 
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Figure 5.9. Effector T cells show virtually identical NR profiles. 

Microarray data from Yu et al
361

, in which OT-1 cells were collected on day 8 post-infection with Lis-OVA 

and sorted into short-lived effector cells (SLEC, KLRG1hi IL-7Rlo, N=2) and memory precursor effector 

cells (MPEC, KLRG1lo IL-7Rhi, N=3). BRB-ArrayTools class comparison analysis using a significance 

cutoff of p<0.05 identified 3 NR genes that differed between groups. * p<0.05 using Student’s T-test. 

Reprinted with permission from Rosenberg & Singh, 2019354 
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5.2.4. Tissue residency has minimal effect on the NR signature of activated T cells 

In recent years, the important role of T cells that home to and perhaps even reside 

in many tissue sites has been appreciated362. These cells not only play key roles in 

protective immunity – but are also involved in homeostatic functions. We wondered 

whether such T cells would be subject to or influenced by localized NTs as a result of 

differential NR expression. To determine the role tissue residence in controlling NR 

expression in T cells we again mined existing data. In particular, we were interested in the 

regulation of NR expression within the brain parenchyma in which T cell exposure to NTs 

is increased. Microarray data is available from Wakim et al363, in which C57BL/6J mice 

containing transferred OT-1 CD8 T cells were sorted from the spleen and brain 20 days 

following infection with OVA-expressing vesicular stomatitis virus (VSV-OVA). CD103 

expression was used to separate resident memory T cells (TRM, CD103+) from other 

(CD103-) effector T cell populations 146. Despite minor, yet statistically significant 

differences in the expression of 12 NR genes, the NR profiles of splenic and brain-derived 

T cell populations appeared to be overall similar (Fig. 5.10A) – in that most transcripts 

were within a 2-fold expression range in these tissues. The most differences observed were 

(less than 2-fold) in the 2 adrenergic receptor Adrb2 and the opioid growth factor receptor 

Ogfr that exhibited increased expression in both populations isolated from the brain, 

compared to the splenic T cells (Fig. 5.10A).  

Our analysis was next expanded to several other tissue sites using datasets from 

Mackay et al146, in which multiple mouse models were used to profile gene expression in 

lung, gut, and skin resident populations. The T cell populations are defined as follows: 

“spleen TN” were collected from the spleens of naïve gBT-1 mice; “spleen TCM” 
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(CD8+CD62Lhi), “spleen TEM” (CD8+CD62Llo), and “skin TRM” (CD103+) were gBT-1 

cells collected from the indicated tissues 30 d following infection of C57BL/6J mice 

adoptively transferred with the transgenic cells with HSV (KOS strain); “lung TRM” were 

gBT-1 cells collected from the lung 30 d following infection of C57BL/6J mice adoptively 

transferred with the transgenic cells with influenza A/WSN expressing HSV glycoprotein 

B; “gut TRM” were P14 cells collected from the small intestine 60 d following infection of 

C57BL/6J mice adoptively transferred with the transgenic cells with LCMV Armstrong; 

“skin γδ DETC” were γδ-TCR expressing dendritic epidermal T cells (DETC) collected 

from the skin of C57BL/6J mice 30 d following infection with HSV KOS; “αβ DETC” 

were αβ -TCR expressing DETC cells from uninfected Tcrd-/- mice. Consistent with brain-

residence data, only 11 NR genes showed statistically significant changes between these 

resident populations, including splenic naïve (TN), central memory (TCM), and effector 

memory (TEM) for comparison (Fig. 5.10B). Among these, Adora2a and P2rx7 show strong 

enrichment in gut TRM, while P2ry14 is specific for skin resident T cells. Further, as Gria3 

and Ramp1 are uniquely expressed in splenic TN, these are likely markers of antigen 

inexperience rather than tissue residence (Fig. 5.10B). Although there are a few notable 

NR that show tissue preference, these data suggest that basic NR expression profiles in T 

cells are surprisingly resilient and not heavily dependent on tissue localization of the cells 

themselves. 

 We additionally sought to validate these trends using NanoString-based 

quantitation of NR transcript levels among FACS-purified T cell populations from different 

secondary lymphoid organs reflecting differences in transient tissue localization by T cells. 

T cells were prepared and sorted as in Figures 5.3-5.4, except subcutaneous (sqLN), 
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mesenteric (mLN), and cervical lymph nodes (cLN) from C57BL/6 mice were kept 

separated, yielding CD4 naïve (CD4+CD44lo), CD4 memory (CD4+CD44hi), Treg 

(CD4+CD25+), and CD8 T cell populations from each tissue. These were then analyzed 

using the same NanoString nCounter probe set (Table 5.6) as previously described (Fig. 

5.10 C-F). The NR expression is predominantly unchanged when comparing the same T 

cell population between LN draining the skin, gastrointestinal tract, and brain. This is 

especially true among CD4 naïve T cells among which no NR transcript shows even a 2-

fold difference between LN groups (Fig. 5.10C). Among CD4 memory T cells, NR 

expression is similarly consistent across secondary lymphoid organs with the exception of 

the purinergic receptors P2rx7, which shows 3.85- and 3.69-fold upregulation within the 

mLN and cLN compared to sqLN, respectively, and P2rx4, which is upregulated 2.57-fold 

in the cLN (Fig. 5.10D). Similarly, CD8 T cells in the mLN and cLN show 6.86- and 3.82-

fold upregulation of P2rx7 compared to sqLN (Fig. 5.10F). These data are consistent with 

the findings from Mackay et al146 (Fig. 5.10B) that indicate that, among NR, purinergic 

receptors uniquely show tissue-specific expression changes by T cells.  
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Figure 5.10. T cell NR expression is largely intrinsic, rather than dominantly modulated by tissue 

residence. 

(A) Microarray data from Wakim et al
363

, in which OT-1 cells were collected on d20 post-infection with 

VSV-Ova and sorted from the spleen (CD103-, N=5) or brain (CD103+, N=5; CD103-, N=3). BRB-

ArrayTools class comparison analysis using a significance cutoff of p<0.01 identified 12 NR genes that 

differed between groups. * p<0.05 compared to spleen population, + p<0.05 between brain populations; using 

Student’s T-test. (B) Microarray data from Mackay et al
146

, in which the indicated T cell population was 

sorted from varying mouse models (see primary text). BRB-ArrayTools analysis as in A identified 11 NR 

genes. * p<0.05 compared to spleen TN population using Student’s T-test. (C-F) Cervical (cLN), mesenteric 

(mLN), and subcutaneous (sqLN) lymph nodes collected from 4 C57BL/6 mice were sorted as described in 

Figure 5.3 and underwent NanoString RNA count analysis as in Figure 5.5. Scatterplots comparing the 

indicated LN source on the y-axis compared to sqLN on the x-axis within CD4+CD44lo (C), CD4+CD44hi 

(D), CD4+CD25+ (E), and CD8+ (F) T cell populations are shown. Plots represent 2 biological replicates. 

Reprinted with permission from Rosenberg & Singh, 2019354  
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5.2.5. T cell NR expression patterns confirmed by RNA-Seq analysis 

  We next sought to validate the NR expression trends we had found using the 

more sensitive transcriptomic approach, RNA-Seq. We identified multiple available 

datasets housed in the NCBI GEO database that analyzed FACS-purified T cell 

populations from multiple contexts. We then compared NR expression profiles within 

these populations using analysis methods as above (Fig. 5.11). Two datasets147,148 

compared memory precursor (MP) and terminal effector (TE) populations within P14 T 

cells in response to LCMV Armstrong infection, providing identical experimental 

conditions to the microarray dataset shown in Fig. 5.9. Both experiments recapitulated 

the finding that at days 7-8 of the T cell effector response, MP and TE cells show nearly 

identical NR expression profiles to one another (Fig. 5.11A-B). In line with Yu et al.142, 

MP phenotype cells showed increased Vipr1 expression compared to TE at day 8, with 

expression nearly at the level of naïve T cells (Fig. 5.11A). These data also allowed us to 

compare NR expression between gut TRM (Fig. 5.10B) to small intestine intraepithelial 

cells (IEL) (Fig. 5.11B), revealing that both populations upregulate P2rx7 compared to 

naïve cells.  

 A third dataset compared naïve CD5hi and CD5lo populations to virtual memory 

T cells (TVM), cells that have not been antigen exposed yet express CD44, in 

unmanipulated B6 mice. All three antigen inexperienced populations show nearly 

identical NR expression profiles, with the exception Adora2a and Ramp1 showing 

increased and decreased expression, respectively in TVM cells compared to both naïve 

populations (Fig. 5.11C). Beyond confirming the expression of many of the core 

signature NR, this dataset makes clear that NR expression is quite uniform among antigen 
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naïve T cells and that T cell activation drives dramatic modulation of the expression of 

this receptor class. 
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Figure 5.11. NR core signature is validated by RNA-Seq analysis. 

RNA-Seq datasets from FACS-purified T cell populations were identified and analyzed for the expression of 

NR. Graphs show all NR that were detected. (A) FPKM RNA-seq data from Wang et al147, in which naïve 

CD8+ P14 T cells (N=2) were transferred to C57BL/6 mice, infected with LCMV-Armstrong, and splenic 

terminal effector T cells (TE, KLRG1+CD127-, N=3) and memory precursor T cells (MP, CD127+KLRG1-

, N=3) were collected 8 dpi. (B) FPKM RNA-seq data from Milner et al148, in which naïve CD8+ P14 T cells 

were transferred to C57BL/6 mice, infected with LCMV-Armstrong, and splenic terminal effector T cells 

(TE, KLRG1hi,CD127lo), memory precursor T cells (MP, CD127hi,KLRG1lo), and small intestinal 

intraepithelial lymphocytes (IEL) were collected 7 dpi. N=2 for all populations. (C) FPKM RNA-seq data 

from White et al149, in which splenocytes from unmanipulated B6 mice were sorted into naïve (CD44lo, 

CD49dlo) CD5hi and lo populations, as well as virtual memory T cells (TVM, CD44hi, CD49dlo). N=3 for 

all populations. Reprinted with permission from Rosenberg & Singh, 2019354 
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5.2.6. Similar NR expression trends are found in human T cell populations. 

 Having thoroughly examined NR expression by murine T cells, we were 

interested to determine whether these findings translated to human populations. As 

above, we identified datasets through the GEO database in which human T cells were 

purified and their transcriptome measured by RNA-Seq. All three datasets l150,151 we 

analyzed examined NR expression by naïve T cells among healthy individuals, allowing 

us to first consider the core NR signature within this population. We found that all core 

signature NR were identified by these experiments, with all but two (Cnr2 and Chrnb2) 

detected in at least 2 experiments (Fig. 5.12). Interestingly, while Adrb2 was the most 

highly expressed NR within murine populations, it, while detectable in all three datasets, 

showed minimal expression in human T cells. Notably, however, the relative expression 

of these genes showed great variability between experiments. For, example Lpar6 was 

the most highly expressed NR in one dataset (Fig. 5.12C), but only barely reached the 

limit of detection in a second (Fig. 5.12B) and not at all in the third (Fig. 5.12A). This 

suggests that conclusions regarding absolute expression of NR may be difficult based on 

these datasets. 

 In addition to naïve T cell populations, two datasets150,151 examined NR profiles 

within TCM and TEM populations. The predominant trend observed is that naïve and 

memory T cell populations showed nearly identical NR expression profiles (Fig. 11 B-C); 

though, both datasets showed that Vipr1 is downregulated in TEM compared to naïve T 

cells, consistent with our murine data (Fig. 5.2, 5.5). Interestingly, both datasets show 

that Adrb2 expression was increased in TEM compared to naïve cells, suggesting a 

potential difference between human and murine T cell populations. However, due to the 
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variability within and between datasets, further experiments will likely be needed before 

drawing such specific conclusions regarding interspecies NR expression differences.  
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Figure 5.12. NR core signature is validated by RNA-Seq analysis. 

RNA-Seq datasets from FACS-purified T cell populations were identified and analyzed for the expression of 

NR. Graphs show all NR that were detected. (A) FPKM RNA-seq data unpublished from GEO data series 

GSE112706, in which naïve CD4+ T cells were sorted from PBMC of healthy patients. Each sample was run 

in technical duplicate, N=5. (B) TPM RNA-seq data from Tian et al151, in which PBMC from dengue virus 

seronegative patients were sorted into CD3+CD4+ naïve (CCR7+CD45RA+, N=6), TCM (CCR7+CD45RA-

, N=6), TEM (CCR7-CD45RA-, N=6), and TEMRA (CCR7-CD45RA+, N=9). (C) FPKM RNA-seq data 

from Spurlock et al150, in which PBMC were collected from healthy patients and sorted into CD4+ naïve 

(CD45RAhi, CCR7hi), TCM (CD45RAlo, CCR7hi), and TEM (CD45RAlo, CCD7lo). N=3 for all 

populations. Reprinted with permission from Rosenberg & Singh, 2019354 
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5.2.7. A working map of NR expression by T cells 

The summary of the analysis presented so far in this chapter allows us to generate 

virtual maps of NR expression by different mouse T cell subsets (Fig. 5.13). Future studies 

using better refined antibody reagents, reporter mice and T cell-specific knockouts can 

further clarify the role of individual and clusters of NR expression in each T cell subset. 

We expect that the maps we have generated will be a valuable resource for the design of 

such studies.      
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Figure 5.13. Maps of neurotransmitter receptor expression by T cells. 

Summary of NR expression across the T cell subsets studied. The size of each receptor icon approximately 

represents the relative expression of the receptor. Receptor labels in italics are not expressed in the indicated 

T cell subset. Plasma membrane seven transmembrane domain GPCR are shown on the left-hand side of the 

cell diagrams while ion channels are displayed on the right-hand side. OGFr, TSPO-PBR, and σ1-receptor 

are displayed on the nuclear, outer mitochondrial, and endoplasmic reticular membranes, respectively. (A) 

Full map of all T cell subsets studied. (B) Map of CD4+ T cell subsets separating the core NR profile from 

NR uniquely expressed by the indicated populations. Receptor in red indicates a uniquely downregulated 

receptor in the indicated population. Reprinted with permission from Rosenberg & Singh, 2019354 
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5.2.8. 2-adrenergic receptor signaling dampens T cell activation 

 Although the 2AR is one of the most heavily studied GPCR and has received 

significant attention within the context of immunity, the ability of transient signaling to 

modify subsequent TCR signaling and thus T cell activation has yet to be described. In 

order to understand this process, we used the pre-Tx experimental paradigm described in 

Chapter 3, in which T cells are treated with the 2AR-specific agonist salbutamol for 30 

min before being washed with fresh media, and incubated with anti-CD3 and anti-CD28 to 

induce activation. After 24 hr, T cell activation is quantified by measuring CD69 

expression via flow cytometry. Figure 5.14 depicts the gating strategy used for identifying 

live CD4+ and CD8+ T cells and the gates used to define CD69 expression.  
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Figure 5.14. NR agonism analysis gating strategy. 

Lymph nodes and spleens from 3 B6 mice were collected and pooled. Live, mononuclear cells were separated 

using ficoll density centrifugation. T cells were enriched using 2 rounds of magnetic, negative selection, first 

with Dynabeads then with Miltenyi AutoMACS. In both rounds of selection, antibodies targeting CD11b, 

B220, NK1.1, and MHCII were used to enrich for T cells. Enriched T cells were then treated with the agonists 

for NR or PBS for 30 min before washing and incubation with anti-CD3ε (1 g/mL, plate-bound) and anti-

CD28 (2 g/mL, soluble). After 24 hr of stimulation, T cells were prepared for flow cytometry. (A) Gating 

strategy for analyzing live CD4+ and CD8+ T cells. (B) Representative histograms for CD69 expression 

among CD4+ (left) and CD8+ (right) T cells treated with PBS. 
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 Representative histograms of CD69 expression show that, in a dose-responsive 

manner, 30 min exposure to salbutamol decreases both the percentage of T cells expressing 

the marker and the per cell expression level as measured by gMFI (Fig. 5.15A). Summary 

of CD69 expression across 4 experiments confirms statistically significant decreases in 

both of these metrics among CD4+ T cells (Fig. 5.15B). CD8+ T cells show a similar trend 

in expression but significant variation between experiments prevented statistical 

significance (Fig. 5.15C). This variance is likely partially explained by the observation that 

the anti-CD3 and anti-CD28 stimulation conditions induced an approximately 4-fold 

lower percentage of CD8+ T cells to become CD69+ than CD4+ cells, thus allowing for a 

smaller window for observing decreases in expression. Additionally, CD8+ T cells express 

the 2AR between 1.5- and 2.5-fold less than CD4+ T cells (Fig. 5.1, 5.5-5.6), such that 

the effect of salbutamol pre-Tx could be diminished within this population.  
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Figure 5.15. 2 adrenergic receptor signaling inhibits early T cell activation. 

T cells were prepared, treated with salbutamol, a specific agonist for the 2 adrenergic receptor (Adrb2), and 

analyzed by flow cytometry as described in Figure 6.1. (A) Representative histograms of CD69 expression 

by CD4+ (left) and CD8+ (right) T cells following the indicated stimulation and treatment conditions. (B-C) 

Percentage of CD4+ (B) and CD8+ (C) T cells positive for CD69 (left) and gMFI of CD69+ T cells (right). 

Data includes 4 independent experiments, each normalized to the PBS treated group within the experiment. 

Displayed as mean ± SD. * p<0.05 compared to PBS-treated group using Student’s T-test. 
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 Having established that brief 2AR signaling dampens subsequent T cell activation, 

we sought to understand how 2AR signaling integrates with that of the TCR to elicit this 

effect. The 2AR is a Gs-coupled GPCR such that receptor agonism yields activation of 

adenylate cyclase (AC), production of cAMP, and activation of the PKA signaling 

pathway. cAMP signaling has been long established as inhibitory to cytolytic function of 

T cells364-367, but its role in CD4+ T cells may be more complicated as AC signaling 

promotes IL-2 production368.  We first used the AC activator forskolin in the same pre-Tx 

paradigm as described above to determine if transient AC activation yields the same 

functional inhibition as 2AR agonism (Fig. 5.16). Forskolin produced similar, but 

stronger decreases in T cell activation as measured by CD69 expression, both in CD4+ 

(Fig. 5.16A-C) and CD8+ T cells (5.16A,C). The increased effect of forskolin treatment is 

likely due to the potency of the drug treatment and that proper dose titration would yield a 

similar effect size to that of salbutamol. Alternatively, forskolin may bypass the negative 

regulatory mechanisms that 2AR signaling is subject to, such as -arrestin mediated 

receptor downregulation369-371. Additionally, the observation that CD8+ T cells are also 

affected is, again, likely due to bypassing the receptor that shows lower expression among 

this population. Although these data only provide correlative evidence, cAMP mediated 

signaling downstream of 2AR agonism likely underlies its dampening effect on T cell 

activation.  
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Figure 5.16. 2AR-mediated inhibition of T cell activation is likely mediated by cAMP. 

T cells were prepared, treated with forskolin, a specific inducer of adenylyl cyclase, and analyzed by flow 

cytometry as described in Figure 6.1. (A) Representative histograms of CD69 expression by CD4+ (left) and 

CD8+ (right) T cells following the indicated stimulation and treatment conditions. (B-C) Percentage of CD4+ 

(B) and CD8+ (C) T cells positive for CD69 (left) and gMFI of CD69+ T cells (right). Data includes 3 

independent experiments, each normalized to the PBS treated group within the experiment. Displayed as 

mean ± SD. * p<0.05 compared to PBS-treated group using Student’s T-test. 
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5.2.9. Transient agonism of other core signature NR do not inhibit T cell activation 

 We next sought to understand how brief signaling from other NR core signature 

constituents integrates with TCR signaling to impact T cell activation. We focused on the 

histamine H2 receptor (H2R), encoded by Hrh2, because it shares Gs signaling with the 

2AR. Thus, we predicted that H2R engagement with the specific, small-molecule agonist 

amthamine dihydrobromide would similarly inhibit T cell activation as measured by CD69 

expression 24 hr following stimulation. Interestingly, pre-Tx with the H2R agonist did not 

yield a significant decrease in percentage of CD4+ or CD8+ T cells expressing CD69; 

however, both T cell populations did show significantly lower CD69 gMFI (~70% of PBS 

group) suggesting that CD69 was downregulated on a per cell basis (Fig. 5.17). The 

difference in effect between H2R and 2AR engagement may be explained by different 

expression levels of the two receptors with CD4+CD44lo and CD8+ populations 

expressing the 2AR 12.0- and 5.8-fold higher, respectively (Fig. 5.5); however it would 

be predicted that the effect on CD69 gMFI would similarly be blunted by comparison, yet 

both receptors show similar dampening of CD69 gMFI (Fig. 5.15, 5.17). It is possible that 

intrapopulation expression variability may explain this discrepancy, but this would need to 

be explored with a more refined technique such as single cell RNA-sequencing.  
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Figure 5.17. Histamine H2R signaling may limit T cell activation. 

T cells were prepared, treated with amthamine dihydrobromide, a specific inducer of the histamine H2 

receptor (Hrh2), and analyzed by flow cytometry as described in Figure 6.1. (A) Representative histograms 

of CD69 expression by CD4+ (left) and CD8+ (right) T cells following the indicated stimulation and 

treatment conditions. (B-C) Percentage of CD4+ (B) and CD8+ (C) T cells positive for CD69 (left) and gMFI 

of CD69+ T cells (right). Data includes 3 independent experiments, each normalized to the PBS treated group 

within the experiment. Displayed as mean ± SD. * p<0.05 compared to PBS-treated group using Student’s 

T-test. 
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 We next considered the role nicotinic acetylcholine receptors (nAChR) play on T 

cell activation within the pre-Tx paradigm. Our analysis found that the 2 subunit (encoded 

by Chrnb2) is expressed by all T cell subsets, while the 1 subunit (encoded by Chrnb1) 

is expressed by CD8 T cells (Fig. 5.5, 5.12). To study both of these receptors, we employed 

the prototypical agonist for the receptor class, nicotine, within our pre-Tx model. Following 

24 hr of antibody stimulation, we observed no significant difference in CD69 expression 

by any metric in both CD4+ and CD8+ populations (Fig. 5.18). One explanation may be 

that the receptor is only expressed at low levels and effects comparable to the highly 

expressed 2AR should not be expected. An alternative explanation may be that, among 

the receptors tested in this paradigm, these are uniquely ligand-gated ion channels as 

opposed to GPCR. First, as cationic channels, these receptors would most likely interact 

with the TCR-driven Ca2+ signaling pathway and potentially have functional impacts not 

captured by this assay. Additionally, the duration of ion flux and its resultant signaling may 

be short-lived by comparison to GPCR signaling, such that the 30 min time frame may not 

capture the functional effects.   
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Figure 5.18. Nicotinic acetylcholine receptor signaling does not alter T cell activation. 

T cells were prepared, treated with nicotinic, a specific inducer of the nicotinic acetylcholine receptor 

(nAChR) class, and analyzed by flow cytometry as described in Figure 6.1. (A) Representative histograms 

of CD69 expression by CD4+ (left) and CD8+ (right) T cells following the indicated stimulation and 

treatment conditions. (B-C) Percentage of CD4+ (B) and CD8+ (C) T cells positive for CD69 (left) and gMFI 

of CD69+ T cells (right). Data includes 3 independent experiments, each normalized to the PBS treated group 

within the experiment. Displayed as mean ± SD. * p<0.05 compared to PBS-treated group using Student’s 

T-test. 
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5.2.10. NR agonism does not induce ERK phosphorylation 

 In order to further understand the mechanism by which NR signaling integrates 

with TCR signaling, we used phospho-flow cytometry to measure ERK phosphorylation 

in the context of NR agonism (Fig. 5.18). We focused on ERK because the literature is 

mixed regarding the impact of cAMP signaling on ERK as some report that it is activated 

by cAMP mediated activation of PKA372,373, while other studies suggest that ERK 

phosphorylation is reduced374,375. We found that specific agonism of the 2AR, H2R, 

histamine H4 receptor (H4R), and adenosine A2A receptor (A2AR) as well as induction of 

AC by forskolin did not yield ERK phosphorylation from 1 to 30 min of agonist incubation 

(Fig. 5.19). Additionally, agonism of the sigma-1 non-opioid receptor (1R), which 

modulate IP3 mediated Ca2+ release, potentially indirectly altering ERK signaling, did not 

induce ERK phosphorylation. These data refute the hypothesis that cAMP signaling drives 

activation of the ERK pathway, suggesting that, in primary T cells, cAMP signaling may 

potentially inhibit ERK signaling. Additional studies in which T cells are treated with these 

NR agonists in the context of TCR-mediated activation would allow for further support of 

this latter hypothesis.   
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Figure 5.19. ERK phosphorylation is not modified by NR agonism alone. 

Lymph nodes were isolated from B6 mice and cells were treated with specific agonists at the indicated doses 

for the indicated times or 50 ng/mL PMA for 10 min. All treatments occurred at 37C before fixation with 

1.5% PFA. Cell membranes were permeabilized with MeOH and rehydrated with FACS buffer before being 

stained overnight with antibodies in preparation for flow cytometry. (A) Gating strategy for analyzing T cells. 

(B-G, next page) Representative histograms of pERK expression among all CD4+ T cells (left) and CD4+ 

CD44hi (right) treated with salbutamol (B), forskolin (C), amthamine dihydrobromide (D), VUF 10460 (E), 

LUF 5834 (F), or PRE 084 (G) at the indicated stimulation times are shown. (H, next page) Quantification 

of pERK gMFI among all CD4+ T cells (left) and CD4+ CD44hi (right) are shown, labeled by the agonist 

target. 
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5.3 Significant findings & Discussion 

An extensive body of literature suggests that neurotransmitters can affect 

activation, differentiation, migration and effector functions of T cells – at least some of 

them by directly impinging on T cells 333. The analysis presented in this paper now allows 

us to compile for the first time a fairly detailed map of NR expression by different mouse 

T cell subsets (Fig. 5.12) – illustrating both the quantitative and qualitative patterns we 

find. Importantly, we find that a relatively stable subset (26) of all currently annotated (185) 

NR genes are found in T cells. Of these, about half (14) are relatively constitutively 

expressed in all T cell subsets, while very few (often 1 or 2 genes) show expression that is 

specific to CD4 memory, CD8 memory or regulatory T cells. While some of these NRs 

have previously been reported to be expressed at the RNA, protein or functional level, 

others have not. Overall, we expect this data to be a valuable resource towards the design 

and interpretation of future studies on understanding how such communication influences 

T cell fate. 

As noted at the end of the results section, evaluating the protein dynamics resulting 

from this transcriptomic map may require new reagents or the refinement of existing ones. 

Nevertheless, additional studies looking at this transcriptomic signature in different 

disease, behavior and other pathophysiological states can provide new information about 

the underlying circuitry in T cells that listens to neuronal outputs – and how those change 

in vivo. Towards this end, our data also allows us to compare the robustness of different 

techniques for measuring NR transcripts with adequate sensitivity. There is certainly some 

variation in the results based on the methods. For instance, based on the ImmGen analysis, 

the nicotinic acetylcholine receptor Chrnb1 was not detected in any subsets, but the 
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NanoString nCounter approach did detect expression uniquely in CD8 T cells. Similarly, 

the GABAA-ρ2 receptor Gabrr2 was defined by ImmGen as being high in naïve CD4 and 

CD8 T cells, but NanoString was able to find it across all subsets. Based on these, we 

suggest that the NanoString platform provides a rapid, sensitive and fairly straightforward 

workflow for analyzing NR transcript signature in T cells. The protocols detailed in 

Chapter 2 should help most laboratories to investigate NR expression from RNA preps or 

even cell lysates of approximately 5000 T cells.  

The biological significance of the expression of some of the NRs in the core 

signature we describe have been previously reported in individual studies312,328,329,346,376-

379. The most well studied among these have been the roles of agonists for Cnr2, Hrh2, 

Adrb2 and Chrnb2 to affect T cell differentiation – each favoring the differentiation 

towards TH2 cytokines as opposed to the TH1 ones328,380-384. While the first three are G-

protein coupled receptors that can influence T cell activation via cAMP and PKA, the last 

is the subunit of the nicotinic acetylcholine receptor which signals through alternate 

mechanisms. A more direct impact of TCR signaling has been suggested by the activity of 

receptors such as Tspo, Sigmar1, and Ogfr which may alter the intracellular levels of Ca2+ 

and other ions385-392. These two mechanisms could perhaps be unified, since the strength 

of TCR signals can strongly influence the differentiation of T cells towards a variety of 

effector fates79,393-395. The challenge is to understand how these disparate signals are 

integrated to tweak such T cells fates in significant ways. Indeed there is already some 

evidence of the consequences of NR expression in protective immunity to pathogens as 

well as the formation of immunological memory396,397. 
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Circadian rhythm constitutes a compelling context in which neuronal signaling may 

regulate immunity. Indeed, the numbers many immune cells, including T cells, in 

circulation show diurnal changes398. In fact, 2AR signaling has been shown to control the 

circadian patterns in CD4+ T cell and B cell circulation and trafficking, contributing to 

autoimmune susceptibility347,399. Further, gut ILC function shows circadian patterns with 

feeding behavior and clock genes contributing to disease susceptibility304,305,400. While it is 

clear that diurnal cycles contribute to immune responses, the precise mechanisms by which 

circadian rhythms can regulate T cell function require further investigation. 

Given this preponderance of literature288,312,328,329,346,376-378,401-404 it is perhaps not 

surprising that T cells express a definitive NR signature. But it is intriguing that there are 

relatively few which are expressed in specific lineages. Of course, further sub-setting as 

well as single cell transcriptomic analyses may reveal additional complexities, but our data 

already suggest some candidates for functional studies. We expect such future studies to 

shed light on how a rigid framework of neural-immune communication operates on specific 

subsets of T cells to modulate immune responses.  
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Chapter 6: VIP as a model NIC for subset specific modulation of T cell biology 

6.1. Introduction 

So far in this thesis, we have started with a broad concept of signal 0, focused on 

signaling modalities that can deliver signal 0 and finally receptors that fulfil the 

requirements for those capable of delivering signal 0 to T cells. Among this the most 

prominent, as discussed in chapter 4, are neurotransmitter receptors (NR). The global 

exploration of NRs also identified some unique players which are interesting in their own 

right. Some of these have already been examined extensively in the context of T cell 

activation There is a considerable body of previous literature suggesting that 

neurotransmitters influence T cell function312,313,329,331,333,340,356. In the case of a few 

receptors such as the 2 adrenergic receptor335,339,341,347,353,405, characterization using 

precise reagents and cell-specific knockout models has indeed led to a clear definition of 

how these receptors directly affect T cells. But this is not the case for many other 

neurotransmitters.  

Here we decided to focus on one, namely VPAC1 (Vipr1), owing to its unique 

pattern of expression observed in our transcriptomic analysis. Vipr1 is among the most 

highly expressed NR within the naïve T cell population, yet shows rapid downregulation 

upon activation (Fig. 5.8). Most intriguingly, Vipr1 expression is almost entirely lost 

among Treg (Fig. 5.5). Both observations evoke questions as to the functional impact 

VPAC1 plays across the T cell subsets and during the response to infection. 

6.1.1. VPAC1 or the VIP receptor, is known to have immunomodulatory roles. 

 Vipr1 is unique, since it is expressed on all T cells, but robustly downregulated by 

Treg. Previous literature on the impact of VIP on T cells lacks clarity 406-413, as most studies 
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have found a Treg-promoting role for VIP signaling, yet VIP and VPAC1 expression 

exacerbates varying disease models412-414. Additionally, recent reports on the role of VIP 

in regulating ILC3 and small intestine epithelial cells in the context of colitis and bacterial 

infection highlight its critical significance in regulating immunity in a physiological 

context; however, two studies showed contradictory results, emphasizing the necessity for 

further investigation of the biology of VIP within the immune system304,305.  

Adding further intrigue is discrepancies in observations regarding the expression of 

the VIP receptors. As discussed above, while T cells show high expression of VPAC1, the 

other VIP receptor VPAC2, is not expressed in most T cells – but previous studies have 

suggested that it might be upregulated in activated T cells. However, in our preliminary 

analysis, there was no significant upregulation of VPAC2 in the initial phase of clonal 

expansion – suggesting there may be contextual variations in VPAC2. Nevertheless, our 

data that Vipr1 is the primary VIP receptor on resting T cells is consistent with others in 

the field65,75. In previous studies, VIP has been implicated in multiple T cell phenotypes32-

50. Although the precise molecular mechanisms were not clear in many of these studies, 

there is precedent for suspecting an influence on the TCR-signaling cascade. Using 

approaches such as forced overexpression of VPAC2 or cultures with agonistic antibodies 

multiple groups have reported alterations in c-maf, JunB and NFAT activation in the 

presence of VIP signaling (mostly via VPAC2 in activated T cells)65,72. 

Administering VIP as a clinical therapeutic is already under consideration in 

different contexts and therefore several candidate compounds with lipid modifications that 

stabilize VIP in the serum are under development412,415-421. Importantly, given the 

pleiotropic effects on VIP on multiple cell types in vivo 422,423, precisely pinpointing 



203 

 

 

 

mechanistic basis for VIP action on T cells is expected to be critical in understanding 

observed clinical outcomes. 

6.2. Results 

6.2.1. T cell activation is inhibited by transient VIP exposure 

 To first examine the effect of brief VIP exposure on T cell activation, we used our 

pre-Tx paradigm described in Chapters 3 and 5 in order to measure expression of CD69. 

Polyclonal T cells from B6 were treated for 30 min with VIP before washing with fresh 

media and activation with anti-CD3 and anti-CD28. After 24 hr, CD69 expression, 

measured by percentage of cells positive for the marker as well as CD69 gMFI among 

positive cells, was significantly decreased within the CD4+ population treated with the 

highest dose of VIP (Fig. 6.1B-C). Similarly to 2AR pre-Tx (Fig. 5.15), CD8+ cells did 

not show significant decreases in CD69 expression (Fig. 6.1B,D), again, likely due to the 

narrow window for observable decrease. Additionally, when stratified by CD44 

expression, CD44lo, naïve CD4 T cells showed significant decreases in activation, while 

the effect was diminished among CD44hi, antigen-experienced CD4 T cells, not reaching 

statistical significance (Fig. 6.1E). This may be due to decreased expression of the VIP 

receptor (Vipr1) among CD44hi cells by 4.4-fold (Fig. 5.5-5.6). These results are 

remarkably consistent with the effect caused by agonism of the 2AR, which may be 

expected as both are Gs-coupled GPCR; however, the H2R did not yield this effect so it 

is likely that signal integration between NR and TCR is complex.  
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Figure 6.1. VIP inhibits early T cell activation in a polyclonal population. 

T cells were prepared, treated with the indicated doses of VIP, and analyzed by flow cytometry as described 

in Figure 5.13. (A) Gating strategy for analyzing live CD4+ and CD8+ T cells. (B) Representative histograms 

of CD69 expression by CD4+ (left) and CD8+ (right) T cells following the indicated stimulation and 

treatment conditions. (C-D) Percentage of CD4+ (C) and CD8+ (D) T cells positive for CD69 (upper) and 

gMFI of CD69+ T cells (lower). (E) Percentage of CD4+ T cells positive for CD69, stratified by CD44 

expression. Data includes 3 independent experiments, each normalized to the PBS treated group within the 

experiment. Displayed as mean ± SD. * p<0.05 compared to PBS-treated group using Student’s T-test.  
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 We next used a similar pre-Tx experimental design to probe the effect of VIP 

signaling on T cell proliferation. B6 T cells were loaded with CTV, treated with VIP for 

30 min, washed with fresh media, and activated using anti-CD3 and anti-CD28. After 72 

hr, proliferation as measured by dilution of CTV was assayed (Fig. 6.2). CD4 T cells 

exposed to VIP for a brief period, prior to TCR-mediated activation show a dose-dependent 

decrease in proliferation, indicated by an increased percentage of undivided T cells (Fig. 

6.2B) and a decreased mean cell division number (Fig. 6.2C). These data are consistent 

with a decreased expression of CD69 at 24 hr after stimulation, suggesting that even 

transient VIP signaling dampens T cell activation.  



206 

 

 

 

 
Figure 6.2. VIP decreases T cell proliferation. 

Lymph nodes and spleens from B6 mice were collected and live, mononuclear cells were separated using 

ficoll density centrifugation. T cells were enriched using 2 rounds of magnetic, negative selection, first with 

Dynabeads then with Miltenyi MACS. In both rounds of selection, antibodies targeting CD11b, B220, 

NK1.1, and MHCII were used to enrich for T cells. Enriched T cells were then loaded with CTV and treated 

with the indicated dose of VIP or PBS for 30 min before washing and incubation with anti-CD3ε (3 g/mL, 

plate-bound) and anti-CD28 (2 g/mL, soluble). After 72 hr of stimulation, T cells were prepared for flow 

cytometry. (A) Representative histograms of CTV dilution among CD4+ T cells treated with the indicated 

dose of VIP or PBS. (B-C) Quantitation of the percentage of undivided cells, corrected for divisions (B) and 

mean number of divisions (C) among CD4+ T cells. Data represents biological triplicates. Displayed as mean 

± SD. * p<0.05 compared to PBS-treated group using Student’s T-test.  
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 Although we had shown a dampening effect of VIP within a polyclonal CD4 T cell 

population, this may mask intrapopulation variability. As such, we next aimed to determine 

whether this effect is also observed within monoclonal T cell populations, using the TCR-

Tg 5C.C7 and SMARTA mouse lines. T cells from both lines underwent VIP pre-Tx before 

antibody-mediated activation with anti-CD3 and ani-CD28, measuring CD69 expression 

by flow cytometry 4 and 24 hours later. After 4 hr, both VIP-treated 5C.C7 (Fig. 6.3A-B) 

and SMARTA (Fig. 6.4A-B) T cells showed strong decreases in percentage of CD69 

expressing T cells and CD69 expression on a per cell basis as measured by gMFI. At 24 

hr, VIP treatment showed less pronounced decreases in percentage of CD69 expressing T 

cells in both transgenic lines, but CD69 gMFI was still dramatically reduced (Fig. 6.3A,C; 

Fig. 6.4A,C). These data suggest that VIP acts similarly on individual T cell clones to 

reduce early activation as it does on the entire population.  
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Figure 6.3. VIP inhibits early antibody-mediated activation of 5C.C7 T cells. 

Lymph nodes from 5C.C7 mice were collected and treated with 100 nM VIP or PBS for 30 min before 

washing and incubation with anti-CD3ε (3 g/mL, plate-bound) and anti-CD28 (2 g/mL, soluble). After 4 

or 24 hr of stimulation, T cells were prepared for flow cytometry. (A) Representative histograms of CD69 

expression by 5C.C7 T cells following 4 (left) or 24 hr (right) of stimulation. (B-C) Percentage of 5C.C7 T 

cells positive for CD69 (upper) and gMFI of CD69+ T cells (lower) after 4 (B) and 24 hr (C) of stimulation.  

Data represents technical replicates. Displayed as mean ± SD. 
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Figure 6.4. The effect of VIP on early antibody-mediated activation is replicated in SMARTA T cells. 

Lymph nodes from SMARTA mice were collected and treated with 100 nM VIP or PBS for 30 min before 

washing and incubation with anti-CD3ε (3 g/mL, plate-bound) and anti-CD28 (2 g/mL, soluble). After 4 

or 24 hr of stimulation, T cells were prepared for flow cytometry. (A) Representative histograms of CD69 

expression by SMARTA T cells following 4 (left) or 24 hr (right) of stimulation. (B-C) Percentage of 

SMARTA T cells positive for CD69 (upper) and gMFI of CD69+ T cells (lower) after 4 (B) and 24 hr (C) of 

stimulation.  Data represents technical replicates. Displayed as mean ± SD. 
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 Although antibody-mediated activation is a useful tool for studying T cells, we next 

sought to expand our experimental pre-Tx paradigm to examine T cell activation under 

more physiological circumstances using APC and antigen to activate the TCR-Tg T cells. 

5C.C7 and SMARTA cells were similarly treated with VIP for 30 min and then washed 

with fresh media but were then added to culture with increasing doses of antigenic peptide 

(MCC and LCMV GP, respectively) and splenocytes from T cell deficient mouse lines 

with the same MHC background (CD3-KO and TCR-KO, respectively). After 4 and 

24 hr of culture, T cell expression of CD69 was assessed (Fig. 6.5). Similar to antibody-

mediated activation, at 4 hr, both T cell lines show decreased CD69 expression by 

percentage and gMFI (Fig. 6.5 B,D). Interestingly, CD69 gMFI seems to plateau at antigen 

doses 30 nM. Importantly, at 24 hr, both T cell lines show high frequencies of cells 

expressing CD69 across all peptide doses, with VIP showing no effect; however, CD69 

gMFI is still attenuated at this time point (Fig. 6.5C,E). These data suggest that VIP also 

dampens early T cell activation within TCR-Tg T cell populations activated with antigenic 

peptide, but that either the intensity of stimulation or kinetics of CD69 expression under 

this context is different than that of antibody-mediated activation (Fig. 6.3-6.4).  
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Figure 6.5. VIP inhibits early peptide-mediated activation of 5C.C7 and SMARTA T cells. 

Lymph nodes from 5C.C7 and SMARTA mice were collected and treated with 100 nM VIP or PBS for 30 

min before washing and incubation with CD3ε-KO or TCR-KO splenocytes, respectively, as well as the 

indicated dose of agonist peptide. After 4 or 24 hr of stimulation, T cells were prepared for flow cytometry. 

(A) Representative histograms of CD69 expression by 5C.C7 T cells following 4 hr of stimulation with the 

indicated dose of peptide. (B-E) Percentage of 5C.C7 (B-C) and SMARTA (D-E) T cells positive for CD69 

(upper) and gMFI of CD69+ T cells (lower) after 4 (B,D) and 24 hr (C,E) of stimulation.  Data represents 

technical replicates. Displayed as mean ± SD. 

   

B C 

D E 

A 

SMARTA 



212 

 

 

 

To assess the effects of transient VIP exposure on proliferation of monoclonal T 

cell populations activated using antigenic peptides, we again employed our pre-Tx 

experimental paradigm. 5C.C7 T cells were loaded with CTV, treated with VIP, washed 

with fresh media, and incubated with CD3-KO splenocytes and MCC peptide. After 72 

hr of culture, proliferation was measured using flow cytometry (Fig. 6.6). Interestingly, 

VIP did not decrease T cell proliferation under these conditions, and may show slight 

enhancement of proliferation as measured by mean division number and percentage of 

undivided cells. This is consistent with CD69 data that indicate that VIP has a limited effect 

in the context of antigen-mediated T cell activation compared to antibody-mediated 

stimulation (Fig. 6.3-6.5). Alternatively, the dose of antigenic peptide used may induce 

much stronger activation than that of the antibody cocktail, thus masking any inhibitory 

effects of VIP; however, lower doses of antigen also showed equivalent CD69 expression 

at 24 hr, suggesting a more complex explanation than stimulation dose underlies this 

discrepancy.  
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Figure 6.6. Proliferation of 5C.C7 T cells is unaffected by VIP. 

Lymph nodes from 5C.C7 mice were collected and were loaded with CTV. Cells were then treated with the 

indicated dose of VIP or PBS for 30 min before washing and incubation with CD3ε-KO and 1 M MCC 

peptide. After 72 hr of stimulation, T cells were prepared for flow cytometry. (A) Representative histograms 

of CTV dilution among CD4+ T cells treated with the indicated dose of VIP or PBS. (B-C) Quantitation of 

the percentage of undivided cells, corrected for divisions (B) and mean number of divisions (C) among CD4+ 

T cells. 
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6.2.2. VIP signaling inhibits phosphorylation of ERK in T cells 

 We next sought to understand the mechanism by which VIP and VPAC1 signaling 

integrates with that of the TCR to dampen T cell activation. As discussed in Chapter 6, the 

interaction between cAMP signaling and MAPK signaling in T cells is poorly understood, 

but, based on our previous data (Fig. 5.19), we predict that cAMP induced by VPAC1 

signaling would decrease ERK phosphorylation downstream of TCR-mediated activation. 

To test this hypothesis, we employed phospho-flow cytometry to monitor ERK 

phosphorylation following antibody-mediated TCR-crosslinking using anti-CD3, anti-

CD4, anti-CD8, and anti-CD28 with or without VIP treatment (Fig. 6.7-6.8). Both CD4+ 

and CD8+ T cells show robust decreases in ERK phosphorylation when VIP is added to 

antibody stimulation compared to the stimulation only control (Fig. 6.7B-C, 6.8 A-B). Both 

the percentage of T cells that express pERK and the peak pERK gMFI are attenuated by 

the addition of VIP (Fig. 6.8 A-B). Interestingly, VIP pre-Tx for 30 min before antibody-

stimulation also shows dampening of ERK phosphorylation, albeit not to the same degree 

as concurrent VIP treatment (Fig. 6.7B-C, 6.8 A-B). Additionally, pSLP-76 and pZap70 

expression appear unaltered by either VIP treatment paradigm (Fig. 6.7B-C 6.8C-F), 

suggesting that integration between the two signaling pathways occurs downstream of the 

LAT complex. Lastly, consistent with other NR treatments (Fig. 5.19), VIP treatment in 

the absence of antibody-crosslinking did not induce ERK phosphorylation. 
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Figure 6.7. VIP inhibits ERK induction in T cells. 

Lymph nodes from B6 mice were collected and cells were stained with 10 g/mL biotinylated-anti-CD3, 

anti-CD4, anti-CD8, and anti-CD28. Cells were then either treated on ice with 100 nM VIP (“VIP pre-Tx 

+ stimulation”) or left untreated on ice (remaining samples). Cells were then moved to 37C and incubated 

with 100 nM VIP (“VIP”), 5 g/mL streptavidin (“Stimulation” and “VIP pre-Tx + stimulation”), or both 

(“Stimulation + VIP”) for the indicated times before fixation with 1.5% PFA. Cell membranes were 

permeabilized with MeOH and rehydrated with FACS buffer before being stained overnight with antibodies 

in preparation for flow cytometry. (A) Gating strategy used for analyzing T cells. (B-C, next page) 

Representative histograms of pERK, pSLP-76, and pZap70 expression among CD4+CD44lo (B) and 

CD8+CD44lo (C) T cells following up to 10 min of the indicated stimulation condition. 
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Figure 6.7. VIP inhibits ERK induction in T cells (cont.). 

Lymph nodes from B6 mice were collected and cells were stained with 10 g/mL biotinylated-anti-CD3, 

anti-CD4, anti-CD8, and anti-CD28. Cells were then either treated on ice with 100 nM VIP (“VIP pre-Tx 

+ stimulation”) or left untreated on ice (remaining samples). Cells were then moved to 37C and incubated 

with 100 nM VIP (“VIP”), 5 g/mL streptavidin (“Stimulation” and “VIP pre-Tx + stimulation”), or both 

(“Stimulation + VIP”) for the indicated times before fixation with 1.5% PFA. Cell membranes were 

permeabilized with MeOH and rehydrated with FACS buffer before being stained overnight with antibodies 

in preparation for flow cytometry. (B-C) Representative histograms of pERK, pSLP-76, and pZap70 

expression among CD4+CD44lo (B) and CD8+CD44lo (C) T cells following up to 10 min of the indicated 

stimulation condition. 
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Figure 6.8. Quantitation of TCR signaling following transient exposure to VIP. 

T cells were collected, stimulated, and prepared for flow cytometry as described in Figure 6.7. (A-B) 

Percentage of pERK+ cells (upper) and gMFI of pERK signal within these cells (lower) among CD4+ (A) 

and CD8+ (B) T cells over 60 min of stimulation. (C-D) gMFI of pSLP-76 among CD4+ (C) and CD8+ (D) 

T cells over 60 min of stimulation. (E-F)) gMFI of pZap70 among CD4+ (E) and CD8+ (F) T cells over 60 

min of stimulation. 
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6.2.3. VIP enhances TH22 and TH17 differentiation 

 In addition to effects on T cell activation, we sought to understand the role VIP 

plays in skewing CD4 T cell differentiation. A recent study showed that VIP released by 

enteric neurons induces release of IL-22 from small intestine lamina propria ILC3304; 

however, a similar effect has not been shown in T cells. In order to test this effect in T 

cells, we activated lymphocytes from B6 mice using anti-CD3 and anti-CD28, in the 

presence or absence of a TH22 skewing cytokine cocktail, with or without the addition of 

VIP. After 3 d, cytokine production by T cells following reactivation with PMA and 

ionomycin was assessed using intracellular cytokine staining (ICS) (Fig. 6.9-6.11). 

Although the addition of VIP alone did not increase IL-22 output, in the context of the 

skewing cytokines, VIP yielded increased production of IL-22 (Fig. 6.9). Interestingly, IL-

17A was similarly induced by VIP in the context of TH22 skewing (Fig. 6.10). This is 

consistent with prior studies that show that VIP increases IL-17 release by T cells; however, 

concurrent addition of TGF was necessary to elicit the effect424. Conversely, T cells 

differentiated under TH17 conditions treated with VIP showed decreased IL-17 

production425. Additionally, while production of IFN was decreased by the addition of the 

TH22 cocktail, VIP neither increased nor decreased IFN (Fig. 6.11).  
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Figure 6.9. VIP enhances IL-22 production by T cells. 

Lymph nodes from B6 mice were collected and activated using anti-CD3 (3 g/mL, plate-bound) and anti-

CD28 (2 g/mL, soluble) in the presence or absence of 100 nM VIP as well as the presence or absence of a 

TH22 skewing cocktail (10 ng/mL IL-1, 30 ng/mL IL-6, 20 ng/mL IL-23, 400 nM FICZ, 10 g/mL anti-

IFN, 10 g/mL anti-IL-4). After 3 days in culture, cells received fresh media and were reactivated using 50 

ng/mL PMA and 1 g/mL ionomycin for 5 hours. After 1 hour, brefeldin A was added to culture. Cells were 

then prepared for flow cytometry. (A) Gating strategy for identifying CD4+ T cells. (B) IL-22 production by 

CD4+ T cells following treatment with or without VIP and the indicated skewing condition. 

  

A 
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Figure 6.10. VIP enhances IL-17 production by T cells. 

B6 lymph node cells underwent in vitro activation as described in figure 6.9. IL-17A production by CD4+ T 

cells following treatment with or without VIP and the indicated skewing condition is shown.  
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Figure 6.11. IFN production largely unaffected by VIP. 

B6 lymph node cells underwent in vitro activation as described in figure 6.9. IFN production by CD4+ T 

cells following treatment with or without VIP and the indicated skewing condition is shown.  
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 Previous studies have shown that IL-17 production by T cells is restrained by 

STAT5-mediated IL-2 signaling426. Because we have shown that VIP dampens T cell 

activation, including CD69 expression (Fig. 6.1, 6.3-6.5) and proliferation (Fig. 6.2), we 

hypothesized that IL-2 production is also attenuated, blocking the inhibition on IL-17 

production it provides. In order to test this hypothesis, we again activated B6 T cells using 

antibody-crosslinking under TH17 or TH22 skewing conditions, with the addition of VIP. 

Exogenous IL-2 was then added to culture, which we predicted would compensate for any 

reduction in IL-2 release elicited by VIP treatment. After 4 d of in vitro culture and 

reactivation, ICS was used to measure cytokine production. While IL-17 production was 

again enhanced by the addition of VIP under TH17 skewing conditions, exogenous IL-2 

decreased the percentage of IL-17+ cells regardless of the presence of VIP (Fig. 6.12B, 

3.0-fold decrease without VIP, 2.1-fold decrease with VIP). Additionally, a similar trend 

is shown for IL-22 production (Fig. 6.12C), while IFN actually showed slight increases to 

expression when IL-2 was added to culture (Fig. 6.12D). Because exogenous IL-2 showed 

similar effects on cytokine production irrespective of VIP treatment, it is unlikely that 

differences in IL-2 production explain the IL-17 and IL-22 enhancing effects of VIP 

treatment.  
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Figure 6.12. IL-2 dampens IL-17 and IL-22 production. 

Lymph nodes from B6 mice were collected and activated using anti-CD3 (1 g/mL, plate-bound) and anti-

CD28 (2 g/mL, soluble) in a TH17 skewing cocktail (10 ng/mL IL-1, 30 ng/mL IL-6, 20 ng/mL IL-23, 10 

g/mL anti-IFN, 10 g/mL anti-IL-4), a TH22 skewing cocktail (10 ng/mL IL-1, 30 ng/mL IL-6, 20 ng/mL 

IL-23, 400 nM FICZ, 10M galunisertib, 10 g/mL anti-IFN, 10 g/mL anti-IL-4) or no skewing control. 

Cultures were then supplemented with 100 nM VIP, 10 U/mL IL-2, or both. After 4 days in culture, cells 

received fresh media and were reactivated using 50 ng/mL PMA and 1 g/mL ionomycin for 5 hours. After 

1 hour, brefeldin A was added to culture. Cells were then prepared for flow cytometry. (A) Gating strategy 

for identifying CD4+ T cells. (B) IL-22 production by CD4+ T cells following treatment with or without VIP 

and the indicated skewing condition. 
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6.2.4. VPAC1 is most highly expressed in naïve CD4+ T cells 

 Considering the subset-specific and dynamic expression of Vipr1 by T cells 

observed in previous studies (Fig. 5.1, 5.5-5.6, 5.8), we next sought to study the differential 

effects of VPAC1 signaling within these varied contexts. We first validated the early, rapid 

downregulation of Vipr1 following activation by stimulating 5C.C7 with APCs and MCC 

peptide, and measuring Vipr1 expression using RT-qPCR (Fig. 6.13A). Our data confirms 

that Vipr1 is downregulated 8.0-fold within 48 hr of activation, which is consistent, though 

more robust than L. monocytogenes infection (Fig. 5.8A, 2.68-fold) or LCMV Armstrong 

infection (Fig. 5.8C, 4.24-fold). 

 Although we had previously shown that VPAC1 is expressed by T cells at the 

protein level (Fig. 5.7), we sought to compare protein expression between T cell 

populations. We used FACS-purified T cell populations as described in Chapter 5 to 

prepare lysates for western blot analysis (Fig. 6.13B-C). We were able to detect VPAC1 in 

all subsets studied, and, when normalized to -actin loading control, confirmed that 

CD4+CD44lo T cells show the highest receptor expression (Fig. 6.13C). Variation in signal 

intensity between replicate blots did not allow for precise ordering of receptor expression 

between populations, but CD4+CD25+ Treg express lower levels of VPAC1, though not as 

comparatively low, as predicted by transcript quantification.   
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Figure 6.13. Vipr1 is downregulated after activation of naïve T cells. 

(A) 5C.C7 lymph nodes were collected and cells were activated through culture with splenocytes from CD3-

KO mice, 1 M MCC peptide, and 10 U/mL IL-2. After the indicated number of days in culture, cells were 

recovered and mRNA was isolated for reverse transcription. qPCR was then used to quantify Vipr1 

expression (normalized to Actb and day 0 time point). (B-C) T cells were FACS-purified into the indicated 

populations as described in Figure 5.3, and then lysed using 2x lysis buffer. (B) Anti-VPAC1 western blot, 

representative of two independent blots. Anti--actin used as loading control. (C) Absolute (upper) and 

normalized to actin (lower) densitometry quantified for both blots using ImageJ. 
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6.2.5. Overexpression of VPAC1 alters T cell effector function and survival 

 Because Vipr1 is robustly downregulated in activated T cells as well as Treg, we 

sought to understand the importance of this downregulation and the impact it has on T cell 

function. As such, we aimed to use a retroviral expression system to force constitutive 

expression of VPAC1 in T cells. We generated Vipr1 cDNA from purified naïve CD4 T 

cell cDNA samples and used In-Fusion cloning to insert the gene segment into a retroviral 

expression vector plasmid (Fig. 6.14, insertion confirmed by gene sequencing). This 

system allows for puromycin selection as well as identification of successful protein 

translation using an E2a-linked BFP reporter system. We confirmed that Vipr1-expressing 

(pV-RV) and vector control retroviruses (pQ-RV) can be successfully transduced into T 

cells with expression confirmed by measuring BFP (Fig. 6.15).  
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Figure 6.14. Vipr1 overexpression plasmid diagram. 

cDNA from FACS-purified CD4+CD44lo T cells was used as a template to amplify Vipr1 cDNA which was 

then inserted into the pQ2aB retroviral expression vector using In-Fusion cloning. Translation yields mature 

VPAC1 connected to BFP by the cleavable E2a linker. Puromycin resistance is included as a selection 

method.  
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Figure 6.15. Retroviral expression of Vipr1. 

Lymph nodes from 5C.C7-Foxp3-GFP mice were collected and activated in vitro using splenocytes from 

PCC-CD3-KO mice supplemented with 3 M MCC peptide. After 30 hours of activation, cells were 

incubated with retroviral expression vectors expressing Vipr1 (pV-RV, 1:10 final dilution) or empty vector 

(pQ-RV, 1:100 final dilution), using centrifugation to improve cell to virus contact (2000 rpm x 2 hr, 32C). 

A second round of transduction was repeated 10 hours later. 24 hr later, puromycin was added to culture (1 

g/mL). After an additional 24 hr, cells were collected for flow cytometric analysis. (A) Gating strategy for 

analyzing 5C.C7 cells. (B-C) Transduction efficiency as measure by BFP expression among vector (B) and 

Vipr1-expressing (C) retroviruses. Puromycin-selected cultures displayed in blue, unselected cultures in red.  
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 Employing our retroviral, constitutive expression approach, we next sought to 

determine the functional consequences of continual VPAC1 expression in acutely activated 

T cells. pV-RV and pQ-RV transduced T cells were adoptively transferred to T cell 

deficient mice (CD3-KO) and then acutely activated using i.p. injection of MCC peptide 

and LPS or left unchallenged. After 4 d, T cells were recovered from animals and 

reactivated ex vivo to measure IFN production by cytokine capture assay (Fig. 6.16). 

Interestingly, pV-RV transduced cells in both, challenged and unchallenged mice showed 

increased IFN production over pQ-RV vector control cells (Fig. 6.16A), with the 

unchallenged mice showing slightly more IFN release than challenged mice. That both in 

vivo challenged and unchallenged mice show IFN production can most likely be explained 

by the fact that T cells in both conditions had been previously activated ex vivo to allow 

for efficient retroviral transduction. More intriguingly, however, is the observation that 

BFP-, untransduced 5C.C7 cells that were challenged in vivo alongside pV-RV transduced 

(BFP+) cells showed increased IFN production compared to pQ-RV vector transduced 

and untransduced cells (Fig. 6.16B). This indicates that constitutive VPAC1 expression 

allows for increased IFN release in both intrinsic and extrinsic mechanisms.  
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Figure 6.16. Overexpression of Vipr1 increases IFN production by effector cells. 

5C.C7-Foxp3-GFP lymph node cells were transduced and puromycin-selected as described in Figure 6.15. 

24 hours after addition of puromycin, 100,000 vector (pQ-RV) and Vipr1-expressing (pV-RV) transduced 

cells were adoptively transferred, separately, by retro-orbital injection to CD3-KO mice. After 24 hr, 

animals were injected i.p. with 30 g MCC peptide and 2.5 g LPS to activate transferred cells or left 

unchallenged. After 4 d, LN and splenocytes were recovered from the animals and reactivated using 

supplementation with 1 M MCC peptide. 24 hours later, IFN production was measured by flow cytometric 

capture assay. (A) IFN production by the indicated retrovirally transduced CD4+ T cells in challenged or 

unchallenged mice. Histogram (left), plotted gMFI (right). (B) IFN production by transduced and 

untransduced CD4+ T cells within challenged mice. Histogram (left), plotted gMFI (right).  
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 We next sought to understand whether constitutive expression of VPAC1 played a 

role in survival of effector T cells. To test this, we transduced T cells from two different 

TCR-Tg mice on the same genetic background (B10.A), 5C.C7 and A1M, with both pQ-

RV and pV-RV. We adoptively transferred reciprocal pairings of TCR-Tg and transduced 

retrovirus (pQ-RV-transduced 5C.C7 + PV-RV-transduced A1M, and vice versa) to T cell 

replete B10.A 1x2 mice, before activation using i.p. injection of MCC peptide, DbY 

peptide, and LPS, thus allowing us to track the survival of T cell populations with both 

retroviral constructs within the same animal. After 14 d, we assessed T cell survival using 

flow cytometry. We found that the pV-RV transduced population showed predominance 

among the transferred T cell population in 3 animals, constituting 78.9%, 77.4%, and 

50.92%, while transferred T cells could not be identified in the fourth animal (Fig. 6.17). 

This suggests that constitutive expression of VPAC1 is not detrimental to survival of 

activated T cell populations and may, in fact, provide a slight advantage over control T 

cells.  
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Figure 6.17. Overexpression of Vipr1 may increase T cell survival. 

Lymph nodes from 5C.C7 and A1M mice were transduced as described in Figure 6.15. 24 hr after the second 

round of infection, 250,000 of each pQ-RV-transduced 5C.C7 T cells were combined with pV-RV-

transduced A1M T cells and adoptively transferred by retro-orbital injection to B10.A 1x2 mice. The 

reciprocal pairing of pV-RV-transduced 5C.C7 T cells and pQ-RV-transduced A1M cells were combined 

and adoptively transferred to a separate set of B10.A 1x2 mice. After 24 hr, mice were injected with 30 g 

MCC peptide, 30 g DbY peptide, and 2.5 g LPS. After 14 d, spleens were recovered from these mice and 

analyzed by flow cytometry. (A) Gating strategy for identifying transferred TCR-Tg cells. (B) Frequencies 

of transferred pQ-RV transduced (yellow, “vector TDx”) and pV-RV transduced (black, “Vipr1 TDx) 

populations recovered from each animal. Transferred cells could not be identified in “Mouse #4.” 
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6.2.6. Overexpression of VPAC1 in bone marrow may promote peripheral Treg 

development. 

 Noting the VIP has been repeatedly shown to promote Treg induction407,417,427, we 

found our observation that Vipr1 is robustly downregulated among Treg (Fig. 5.1, 5.5) to 

be quite striking. Using pQ-RV and pV-RV transduced BM, we generated BM chimeras 

to study the effects of constitutive Vipr1 expression on the development of Treg. After 

allowing sufficient time for reconstitution, we analyzed T cell populations within 

peripheral LN by flow cytometry (Fig. 6.18). We first observed that that, although a 

range of 19.6-61.0% of lymph node cells were derived from transferred bone marrow, 

only a small fraction (8.18% at most) were retrovirally transduced, as indicated by BFP 

positivity (Fig. 6.18A). However, comparing transduced, BFP+ peripheral cell 

populations, we found that pV-RV transduced BM generated more CD4+CD25+ Treg 

than pQ-RV transduced cells, although this trend did not reach statistical significance 

(Fig. 6.18B-C). We found that, among the CD25+ population, pV-RV transduced cells 

showed a significant increase in CD44 gMFI (Fig. 6.18D). CD44 expression by Treg has 

been previously reported to correlate with Foxp3 expression and suppressive 

function428,429, suggesting that VPAC1 expression promotes a greater frequency of Treg as 

well as induces improved Treg effector function. However, the observation that pQ-RV 

BFP+ cells also showed increased CD44 gMFI compared with BFP- populations (Fig. 

6.18D) suggests that retroviral transduction itself is in some way contributing to CD44 

expression, either by intrinsically modulating CD44 or promoting transduced T cells 

ability to become antigen experienced. Alternatively, the shift in mean CD44 between 
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transduced and untransduced cell populations may simply be a technical artifact due to 

differences in cell numbers.  
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Figure 6.18. Vipr1 BM chimeras mice show increased peripheral CD4+CD25+ T cell frequency. 

Bone marrow from B6 mice was collected and cultured for 24 hr in BMM supplemented with IL-2, IL-6, and 

SCF. BM was transduced with either pQ-RV or pV-RV using 2 rounds of spinoculation separated by 10 

hours. Cells were cultured with puromycin (1 g/mL) for 24 hr. Cells were then transferred by retro-orbital 

injection to irradiated (600 rad) TCR-KO mice. Bone marrow was allowed 68 days to reconstitute before 

LN were collected for flow cytometric analysis. (A) Gating strategy for identifying progeny of transduced 

(BFP+) and untransduced (BFP-) BM. 
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Figure. 6.18. Vipr1 BM chimeras mice show increased peripheral CD4+CD25+ T cell frequency 

(cont.). 

Bone marrow from B6 mice was collected and cultured for 24 hr in BMM supplemented with IL-2, IL-6, and 

SCF. BM was transduced with either pQ-RV or pV-RV using 2 rounds of spinoculation separated by 10 

hours. Cells were cultured with puromycin (1 g/mL) for 24 hr. Cells were then transferred by retro-orbital 

injection to irradiated (600 rad) TCR-KO mice. Bone marrow was allowed 68 days to reconstitute before 

LN were collected for flow cytometric analysis. (B) Representative flow plots of CD44 and CD25 expression 

by CD4+ T cells derived from pQ-RV (upper) and pV-RV (lower) transduced BM. (C) Frequency of CD25 

expressing cells among CD4 T cells. (D) CD44 expression by CD4+CD25+ T cells. N=3. Displayed as mean 

± SD. * p<0.05 using Student’s T-test. 
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6.3. Significant findings & Discussion 

 The aim of these studies was to clarify some of the discrepancies regarding the role 

of VIP signaling to T cells that have been reported. We first used in vitro approaches using 

isolated T cell populations to study the direct effects of VIP on naïve T cell activation. In 

line with previous studies, we found that even brief VIP exposure prior to TCR stimulation 

inhibits T cell activation as measured by CD69 expression and T cell proliferation. 

Interestingly, using TCR-Tg T cells, we observed differential effects of VIP on activation 

between antibody- and antigen-mediated stimulation, with APC/antigen activation 

showing minimal sensitivity to VIP compared to antibody stimulation. As primary APC 

express several co-stimulatory molecules, it is likely that the richer array of co-stimulatory 

signals limited the efficacy of VIP treatment; though this may suggest that VIP acts via 

modulating the activation threshold for T cells. Using phospho-flow cytometry, we 

determined that VIP signaling leads to attenuation of ERK signaling in the context of TCR 

stimulation, suggesting a mechanistic explanation for the observed suppression of 

activation. We also showed that VIP is able to skew the in vitro differentiation of T cells, 

with VIP administration yielding increased production of IL-17 and IL-22. 

 We also developed a retroviral Vipr1 constitutive expression system to investigate 

the consequences of decreased receptor expression among effector T cells and Treg. 

Unexpectedly, we found that effector T cells expressing VPAC1 produced more IFN than 

controls, rather than providing a suppressive effect as predicted. Further, untransduced 

bystander T cells also showed increased IFN release, suggesting a potential indirect 

mechanism underlying the phenomenon. Using our retroviral system in the context of bone 

marrow chimeras allowed us to investigate the role Vipr1 plays in Treg development in 
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vivo. In line with several studies that report induction of Treg by VIP signaling, we found 

that constitutive expression of Vipr1 also enhanced the frequency of peripheral Treg. It still 

remains an open question, however, why Treg downregulate VPAC1 given that its signaling 

promotes Treg development. In light of our previous finding, showing that Vipr1 expression 

enhanced IFN release, receptor downregulation may be necessary to maintain the Treg 

suppressive function, however this hypothesis needs to be further explored. 

The role of VIP as a neurotransmitter is well documented. But like many other 

neurotransmitters, VIP may also be made by other tissues. VIP has a very short half-life in 

the blood and recent studies on ILC3s find that they potentially derive VIP from contacting 

neuronal termini directly15. Similarly, the secretion of VIP at different lymph nodes by 

direct innervation has been documented430-433. In order to trace the cellular events that 

follow from neuronal activation to immunological activity, it is important show which cell-

types are making the neurotransmitter. Furthermore, new approaches90-97 are required for 

specifically identifying and tracing cells which interacted with the transmitter – and their 

subsequent fate. 
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Chapter 7: Conclusions and future directions 

7.1. Pre-stimulating specific subsets of the TCR signaling pathway alters T cell 

activation 

7.1.1. Significant findings 

 We used PMA, which activates a subset of the TCR-signaling network, to model 

‘Signal 0’ a pre-exposure to environmental stimuli that we hypothesized to alter baseline 

signaling states and subsequent antigen-driven T cell activating signals. We found that 

PMA pre-treatment enhanced T cell activation as measured by expression of CD69 in vitro. 

T cell proliferation and cytokine production were largely unaffected, but a brief pre-

exposure to the PKC activator had a long-term tangible impact. It led to decreased T cell 

survival or retention in secondary lymphoid organs. Mechanistically, we found PMA 

induced robust and prolonged ERK phosphorylation compared with canonical TCR-

proximal stimulation (which is rapidly attenuated). Concurrent stimulation favored PMA-

mediated ERK phosphorylation kinetics, suggesting that the functional consequences 

observed are due to unique PMA signaling dynamics that appear to be resistant to TCR-

mediated negative feedback. Further, we showed that chronic T cell activation, another 

form of baseline TCR-signaling modulation, yields two separate hypo-responsive T cell 

phonotypes: 1) T cells that express high levels of phosphorylated TCR-proximal signaling 

molecules at baseline that show attenuated increases in phosphorylation with TCR 

stimulation and 2) T cells that show no TCR-proximal signaling phosphorylation at 

baseline or in response to TCR engagement. 
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7.1.2. Future directions 

 The biochemical mechanism by which PKC pre-activation selectively affects 

pathways relevant to cell survival in vivo need further investigation. Based on the 

upregulation of CD69, one hypothesis is that longer retention of T cells in the lymph nodes 

may deprive them of pro-survival signals either due to enhanced competition in this organ 

or loss of tissue-specific ones. These can be tested using FTY720 or supplementing IL-7, 

IL-15 etc. Similarly, it is not clear how PMA-mediated activation signals ERK differently. 

Localization of ERK complexes to sequester away from potential negative regulators need 

to be evaluated using biochemical fractionation or staining experiments. 

7.2. Receptors for the non-immune chemiome on T cells 

7.2.1. Significant findings 

 We surveyed for a comprehensive list of receptors on T cells for non-immune 

chemiome constituents, which would be predicted to contribute to baseline altering signal 

0. More than half of the receptors bind growth factors, both hormonally-acting and locally 

released, while the remaining tended to bind membrane bound ligands, suggesting a role 

for direct cell-to-cell contact. Most receptors are receptor tyrosine kinases, most commonly 

coupling to MAPK and PI3K/Akt pathways. Additional signaling modalities triggered by 

the other rNIC include SMAD signaling and cAMP/PKA via Gs-coupled receptor 

signaling. 

7.2.2. Future directions 

 Functional consequences of rNIC signaling may be predicted based on knowledge 

of the coupled signaling pathways, but a careful examination of signaling events triggered 

by each rNIC within T cells will be critical. Similarly, while we were unable to observe a 
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role for two rNICs we tested (EGFR and INSR) in modulating naïve T cell signaling or 

activation, it is not clear if other receptors may have roles in specific in vivo contexts. The 

challenge here will be to develop assays which can measure the impact of rNICs in a high 

throughput fashion. Genetic studies using CRISPR-libraries may be helpful in this regard. 

7.3. Neurotransmitter receptors constitute a major source of rNIC relevant to T 

cells 

7.3.1. Significant findings 

 Of the 50000 NRs, we identified a core signature of just 15 that all mouse T cells 

express. These receptors levels are modulated in major T cell lineages and states, 

suggesting that each subset can be differentially regulated by neurotransmitter signaling. 

Intriguingly T cell activation generally led to a rapid downregulation of most core signature 

NR, indicating that T cells are less receptive to neuronal regulation in the immediate period 

following activation. We further found that the core signature was largely unaffected by T 

cell tissue localization, suggesting that NR expression is intrinsically regulated rather than 

dictated by tissue cues. We then showed that signaling by specific NR can act as signal 0 

to modulate subsequent T cell activation as both 2-adrenergic and histamine H2 receptors 

resulted in attenuation of early T cell activation markers.  

7.3.2. Future directions 

 The T cell NR expression profile we have established allows now for careful 

examination of the subset-specific functional consequences of direct signaling of 

neurotransmitters to T cells. Although many studies have observed the effects of 

neurotransmitters on a variety of T cell functions, a select few are able to delineate direct 

action on T cells from indirect effects by modulating other cells, such as DC. Beyond 
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examining the outcomes of NR signaling, a complete understanding of the contexts under 

which T cells are exposed to neurotransmitters, including the timing and localization of 

release as well as the cellular source, will be critical for determining the effects on in vivo 

T cell responses. This understanding would then allow for the ability to predict the effects 

of neurological responses and psychoactive therapies on T cell organization of the immune 

response. 

7.4. VIP as a model NIC for subset specific modulation of T cell biology 

7.4.1. Significant findings 

 We found that VIP acting through its receptor VPAC1, similarly to 2AR, inhibits 

T cell activation measured both by CD69 expression and proliferation. This effect was 

observed both in polyclonal T cell populations as well as clonal TCR-Tg lines, though VIP 

was more effective when TCR-Tg T cells were stimulated with antibodies rather than 

antigenic peptide, suggesting that the impact of signal 0 provided by VIP depends on the 

quality of the subsequent activating stimuli. VIP treatment dampened ERK 

phosphorylation upon TCR-mediated stimulation suggesting an underlying mechanism for 

the inhibitory effect of VPAC1 signaling. We further examined the effect of VIP on CD4 

T cell differentiation, finding that IL-17 and IL-22 release was increased, implicating VIP 

as a skewing cytokine. Paradoxically, we also found that VPAC1 overexpression in bone 

marrow resulted in increased frequencies of Treg in peripheral lymph nodes, indicating that 

VIP promotes Treg development. 

7.4.2. Future directions 

 The functional effects of VIP on T cells has received much investigation yet 

conflicting reports have led to consternation in the field. One potential source of this 
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confusion is the fact that many cell types can both produce and respond to VIP, making it 

difficult to isolate direct and indirect effects on T cells. Further, disease phenotypes that 

require the collaboration between varying immune cell types may show seemingly 

opposing impact of VIP signaling, again muddying the literature. Our in vitro studies 

utilized highly T cell enriched populations, ensuring that the outcomes observed were 

mediated by direct ligation of T cell expressed VPAC1; however, our in vivo work did not 

necessarily overcome this limitation, requiring further investigation to understand the 

precise mechanisms of Treg induction by VIP. Additionally, because VPAC1 signaling acts 

to dampen T cell activation, it is possible that its expression among naïve T cells is variable, 

showing expression proportional to TCR reactivity. We plan to use single cell RNA-Seq 

analysis to examine Vipr1 variability among this population, as well as its correlation with 

other negative regulators such as CD5434-437.  

A major hole in our understanding of VPAC1 its downregulation within the Treg 

population, as VIP induces Treg and is not detrimental to their survival in vivo. Additionally, 

cAMP signaling downstream of VPAC1 would be predicted to enforce Foxp3 expression 

and improve Treg suppressive function438-440. It is possible that downregulation of VPAC1 

is the result of negative feedback mechanisms, preventing Treg from being overly 

suppressive, but this hypothesis will require further testing. 

7.5. Implications of the NIC as signal 0 

7.5.1. Pre-conditioning of T cells by non-immune encounters likely contributes to cell-to-

cell response heterogeneity 

Aside from differences in TCR specificity, we routinely think of naïve T cells as a 

uniform population of cells with equal functional potential. However, individual T cells 
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commonly show heterogeneous responses to stimuli, even among a clonal population441. 

While these differences are often considered stochastic, the signal 0 model allows us to 

appreciate a source of variability stemming from the different environmental contexts the 

T cells experienced before activation. 

7.5.2 Our mechanistic studies offer a rational strategy to anticipate (and perhaps treat) 

variation in human immune responses 

A significant challenge in translating basic and pre-clinical findings to the human 

immune system has been the confounding variation between groups and even individuals 

based on genetics, microbiome and environment 442-452. We propose that knowing the 

signaling pathways used by the non-immune chemiome can help predict their impact on T 

cell responses. Exposure to EGF, for instance, may dispose T cells to MAPK biasing, 

whose effects on subsequent T cell activation can be predicted based on our data. On 

completion of our studies, we can build a framework whereby, knowing which subsets of 

T cell pathways are triggered by specific chemiome members can be used to gauge T cell 

function. In the short term, this has many significant implications. For example, if a drug 

such as Ritalin (or similar ones which can signal T cells to pre-bias their responses) is likely 

to affect the nature of an immune response from a vaccine by modulating T cell effector 

function, then future immunizations may require a period of Ritalin cessation. Importantly, 

such effects have not been studied and our experiments using defined mouse models are 

expected to fuel future interest in the broader community. 

7.5.3. The insights gained from this work can lead to new pharmacological approaches 

At this time, most immunomodulatory agents administered in the clinic are coupled 

with antigen-exposure (e.g. during vaccination, checkpoint blockade, etc.). Our studies on 
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how specific ligands (e.g. neurotransmitters, drugs) modify T cell responses explore a 

parameter space before immune stimulation, which can be used to condition the patient. 

For example, prior to allogeneic transplant, the graft recipient’s T cells could be 

conditioned to be hypo-responsive using an understanding of signal 0. Similarly, responses 

to vaccination could potentially be boosted by conditioning T cells to have a lower 

threshold for activation.  
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